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Abstract

The reaction of chalcogenides of chlorodiphenylphosphine with C terminated

ethyl esters of glycylglycine produces the organo phosphorus N terminated

phosphoramide species. Transesterification of the ester produces dumb-bell

shaped compounds that template macrocyclization of Leigh's macrocycle

forming the corresponding [2] rotaxanes. Single crystal X-Ray diffraction studies

reveal that the macrocycle is hydrogen bonded to the chalcogenide and amide

backbone of the linear component resulting in a bowl-like conformation of the

macrocycle. These rotaxanes are the first whereby macrocyclization occurs over

functional groups other than amides.

Amide free threads that contain dichalcogenide bis phosphines separated by four

atoms reveal that only the dioxide chalcogenides template macrocyclization.

Single crystal X-Ray diffraction studies of the rotaxanes show that the

macrocycle adopts a chair-like conformation. These are the first totally amide

free threads that template macrocyclization.

Dipeptide threads containing a chalcogenide phosphorus centre separated from

the C terminus amide by four atoms reveal that macrocyclization probably occurs

over the dipeptide unit from 'H NMR studies.

The synthesis of dipeptide threads with a methylene spacer between the

diphenylphosphine chalcogenide and N terminus of the thread creates a distance

too great to allow macrocyclization.
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Chapter 1

Introduction

1.1 Catenanes & Rotaxanes.

From a molecular point of view the simplest analogue of a real chain is a

catenane (Figure 1). The term catenane is used to describe systems that consist of

interlocking rings that are bound to each other mechanically. Their separation is

only possible by the breaking of a chemical bond. The word catenane comes

from the Latin word catena meaning chain.

A molecular system that has the same underlying principles as a catenane is a

rotaxane (Figure 1.1a) - Latin: rota = wheel, axis = the axle. 1 The linear

component (the axle) may be terminated with bulky end groups to prevent

dethreading of the macrocyclic component (the wheel), this dumb-bell shaped

component is often referred to as the 'thread'. If the axle is surrounded by a

macrocycle and not stoppered this type of molecule is called a pseudorotaxane

and is the result of strongly attractive interactive forces between the macrocycle

and linear species (Figure 1.1b). The successful synthesis of catenanes and

rotaxanes is only achieved by accommodating the limited flexibility, size and

compressibility of the individual components.
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Figure 1.1 Schematic representation of (a) [2] rotaxane and (b) pseudorotaxane.

1.2 Naming ofcatenanes & rotaxanes.

A nomenclature system for catenanes and rotaxanes has not been made to date.

Frisch and Wasserman proposed the name 34, 34 catenane for a compound

consisting of two 34 membered macrocycles. Tauber used a similar terminology

in his naming of a catenated dioxime species in 1962.3 Kohler and Dietrich

suggested that the word cum (from the Latin word meaning with) be inserted

between the names of the individual components of the catenane or rotaxane.4 It

has been suggested that the designated compound be a catenane or rotaxane (this

term appearing at the end of the name) with the number of molecular sub-entities

given in square brackets at the beginning of the name. Structural motifs of

catenanes, rotaxanes and knots (a similar type of structural compound that will

not be considered any further) can be seen in Figure 1.2.3
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Rotaxanes
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Figure 1.2 Various interlocked structures of catenanes, rotaxanes & knots.
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Rotaxanes can be divided into two types: homorotaxanes and heterorotaxanes.

Homorotaxanes are composed of cyclic and linear species that are chemically

equivalent, e.g. a rotaxane constructed from poly (ethylene oxide) and a crown

ether. Heterorotaxanes are composed of the cyclic and linear species having a

different chemical structure, e.g. a rotaxane derived from poly (ethylene oxide)

backbone and a cyclic hydrocarbon. Catenanes are classified in a similar manner.

1.3 Early synthesis ofcatenanes and rotaxanes - statistical and directed methods.

In 1958 Liittinghaus and co-workers discussed the principles involved in the

synthesis of [n] catenanes.6 Such reactions relied on the key intermediates (i.e.

the cyclic forming species) in a concentrated solution to form the catenane. This

statistical approach led to Wasserman producing the first [2] catenane 3 in 1960

(Scheme l).7

C02Et
Na, Xylene

(CH2)32 >• (H2C)32

C02Et

OHC02Et (H2C)32
Na. Xylene

(CH?)32
1 2

C02Et i C34H63D5

Zn, DC1
OH

1 + 2

C34H63D5

Scheme 1 The first catenane 3 to be synthesised, by Wasserman in 1960.

The yield of the catenane 3 was very low (1 %) and its presence was inferred by

IR spectroscopy to contain deuterium. Oxidative cleavage of 3 resulted in 2 and

the diacid of the starting ester.
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Although Frisch and Wasserman in 1961 commented that a ring threaded by a

chain with bulky end groups would form rotaxane type architectures, it wasn't

until 1967 that the first [2] rotaxane was synthesised by Harrison and Harrison
o

(Scheme 1.1). This rotaxane was made by modifying the statistical approach

used by Wasserman in his catenane synthesis.

Merrifield
Resin

O

Harrison and Harrison noted that for a catenane to form statistically, two criteria

must be met; i) macrocycle threading of the diester must occur and ii) cyclization

of the diester as opposed to oligomerisation must occur; hence the driving force

for such reaction was entropic. It has been found that many reactions for

cyclization require high dilution to avoid this oligomerisation,9 although

concentrated solutions are recommended to augment the threading process.

Consequently the amounts of solvent used in the preparation will affect not only

the amount of macrocycle produced but also the extent to which the macrocycle

threads the linear component. Therefore assuming conditions under which the

linear component will effectively thread the cyclic component, cyclization is not

favourable.
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To overcome this problem Harrison and Harrison modified the statistical

approach by using a polymeric support (Merrifield resin). The polymer supported

the cyclic component, which was treated with 1,10-decanediol followed by

treatment with trityl chloride, the resin was washed and this process repeated 70

times. The ester function that linked the rotaxanes to the support was cleaved to

release the rotaxane in 6 % yield. Following Harrison's experiments Zilkha10 and

then Gibson11 used the statistical approach to synthesise both rotaxanes and poly-

rotaxanes.

In 1964 Schill and Liittinghaus prepared a [2] catenane through a directed or

chemical conversion approach (Scheme 1.2).12 This method involves the

temporary binding of the chain to the macrocycle to give a pre-

rotaxane/catenane. After the attachment of bulky stopper groups and the breaking

of the temporary bond, the rotaxane/catenane is afforded.

The starting aldehyde was treated with 10-(methoxycarbonyl) decylidene

triphenyl-phosphorane to give the diene 4a. This was hydrolysed to give the

corresponding diacid 4b, which was hydrogenated and esterified to 4c before

reduction with LiAlH4 to give the diol 4d. Cyclization of the 4d and conversion

of the ether groups to alkyl halides, followed by formation of a cyclic ketone, led

to this being reduced to a cyclic ketal 5a, nitrated to 5b and finally reduced to the

amine 5c. Cyclization with potassium carbonate of the chloro-alkane groups with

the amine gave the macrocycle 6, which is linked intra-annularly and in which

the chains of the double ansa-system are situated on the opposite sides of the

benzene ring. Treatment of 6 with HBr in acetic acid gave 7. This was oxidized

to the o-quinone and hydrolysed to the catenane 8. Further confirmation was

achieved by acetylation to give the O, A'-diacetate that was characterised by IR.
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ch30.

CH,0'

i . CHO

jsr -
CHO

C1(CH2)12 O

C1(CH2),

v."

\JCH2)2S

5a, R = H
5b, R = N02
5c, R = NH2

CH^°V^VF

4a, R = CH=CH(CH2>9C02Me
4b, R = CH=CH(CH2)9C02H
4c, R = (CH2)„C02Me
4d, R = (CH2)12OH

<ch2)12

\ J (ch2)25
■ (CH2)12^ '

•(CH2)2'12

HO

NH (CH2)25 C=0
HO

\ N (CH2)25 C=0

(CH2)

(CH2)25

9a, R = H
9b, R = COCH3

Scheme 1.2 The first catenane synthesised through a directed or

chemical conversion approach, by Schill and Liittinghaus.

Later the catenane 8 was converted into the saturated catenane 9a by ozonolysis

and reduction.13 Comparison of the 'H and 13C NMR spectra of 9b with mixtures

of the cyclic components and other cycloalkanes confirmed the presence of the

catenane.
14
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Schill and Zollenkopf reported the first synthesis of [2] rotaxanes by the directed

method (Figure 1.3).

O 13

Fig. 1.3 First rotaxanes 11 and 13 synthesised by Schill and Zollenkopf.
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The rotaxanes 11 and 13 were synthesised from the corresponding pre-rotaxanes

10 and 12. In this case the linear backbone and the macrocycle were designed

around a phenyl ring. The pre-rotaxanes were then converted into the rotaxanes

by appropriate bond cleavage reactions. In rotaxane 11 the trisubstituted aromatic

ring was used to prevent dethreading of the macrocycle, in rotaxane 13 the trityl

group was used. The mass spectra found the parent ion peak was the sum of the

individual components; by tic the rotaxanes exhibit different Rf values to that of

the individual thread and macrocycle.

1.4 An introduction to the template synthesis ofcatenanes and rotaxanes.

Although the statistical and directed approaches were being investigated for the

preparation of catenanes and rotaxanes in the 1960's and 1970's, organic

chemists were hugely involved in the area of host-guest chemistry.15"24 This area

of chemistry combined with the synthesis of rotaxanes and catenanes provided a

route to overcome the poor yields associated with the statistical and directed

methods. 23 In Busch's definition "a chemical template organises an assembly of

atoms with respect to one or more geometric loci in order to achieve a particular

linking of atoms".26 The bonding between the template and substrate is often a

weak, non-covalent interaction and Sanders has classified the forms of template

(Figure 1.4).27 At the molecular level and in the formation of catenanes and

rotaxanes, interweaving and cyclization templates are most important (Figure 1.4

b & c respectively). Templating is made possible by a range of recognition

motifs such as hydrophobic effects,28 hydrogen bonding,29 metal-ligand

coordination30 and [C-H — ■ O] interactions augmented by ti-n interactions/1
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/' \
a) Linear i

v y

'

- Y

c) Interweaving

Figure 1.4 Classification of template effects according to Sanders.

The template strategy has provided access to the synthesis of many types of

catenane and rotaxane structures (for various examples see later pages). Stoddart

has categorised the template strategy into three distinct routes (Figure 1.5): a)

Threading; the complexation of a thread like molecule by the pre-formed

macrocycle is followed by the attachment of bulky groups to stopper the thread,

b) Clipping; the macrocyclization of the cyclic component is performed in the

presence of the dumb-bell shaped thread, c) Slipping; size-complementary

macrocycle and thread are separately preformed and then induced into

associating with each other under the influence of an appropriate amount of

thermal energy. As a result of the non-covalent interactions between the

recognition sites incorporated within the macrocycle and thread, the energy

barrier for the opposite process (dethreading of the macrocycle) is raised,

providing a thermodynamic trap for the macrocyclef1 These templating methods
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rely on a recognition process of the macrocycle (or macrocyclic components) and

the thread. This methodology for templating has since been used by a large

number of other groups to prepare a wide range of supramolecular interlocked

architectures.32'33

Figure 1.5 The strategies of template directed rotaxane synthesis.34

1.4.1 Metal templated synthesis ofcatenanes and rotaxanes.

As previously mentioned (Section 1.4) a number of recognition motifs exist for

the templated synthesis of catenanes and rotaxanes.

In the 1980's an idea by Sauvage and Dietrich-Buchecker led to a synthetic route

for catenanes and rotaxanes using a metal-templated synthesis. This idea was to

use transition metals, which have the ability to gather and organise ligands in a

predictable geometry to induce the template effect. Sauvage et al recognised that

this could be used to make catenanes by a route that requires the linear precursors

to ligate to the metal centre, subsequent ring closure would yield the desired

catenane (Scheme 1 .3).j6°9
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Two strategies were proposed for the Williamson Ether synthesis reaction.

Strategy A utilises the simultaneous pair-wise connection of eight reactive sites

to prepare the catenane,37 strategy B requires the preliminary synthesis of a

macrocycle, followed by catenane synthesis by connecting four reactive centres.

Strategy A

il
N

Cu(CH3CN)4+

14

Cs£C>3 /DMF
27%

Strategy B

Scheme 1.3 Sauvage's Cu(I) - Phenanthroline templated catenane synthesis.

In strategy A, 2,9-6A(p-hydroxyphenyl)-l,10 phenanthroline 14 is coordinated to

Cu(I) to give the tetrahedral copper complex 15. Macrocyclization of the

complex in high dilution conditions with l,14-diiodo-3,6,9,12-

tetraoxatetradecane [penta(ethylene glycol) diiodide gave the required catenane

18. In strategy B the macrocycle 16 is made first. Upon mixing 16, 14 and Cu(I),

the pseudorotaxane 17 is formed. Complexation of two 16 units to Cu(I) is
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sterically blocked so equilibrium lies in favour of the quantitative formation of

the key intermediate 17. Macrocyclization gives the catenane 18. Identification

of the compounds was accomplished by *H and 13C NMR spectroscopy, mass

spectroscopy and definitively by X-Ray crystallography. The mass spectrum of

the catenane 18 contained the molecular ion peak at m/z = 1132.

Modification of the phenolic groups of the pseudorotaxane 17 by Gibson and Wu

has led to similar rotaxanes (Scheme 1.4)
40

OH

OH

1) I(CH2)3CAr2Ph, K2C03
2) Amberlite (CN")

Scheme 1.4 Gibson and Wu's Cu(I)-Phenanthroline rotaxane synthesis.
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Reaction of the phenolic groups with the alkyl iodide, (4,4-bis(p-/-butylphenyl)-

4-phenylbutyl iodide), resulted in the copper complex of the rotaxane. An ion

exchange resin removed the copper and the yield of the rotaxane 20 was 21 %.

Identification of the rotaxane was by *H NMR and mass spectroscopy. The mass

spectrum showed the molecular ion [M+H]+ at m/z = 1725 and then next the

thread at m/z = 1159, the macrocycle was also detected (m/z = 568) indicating

rupture of the thread in this case.

Sauvage et al later prepared poryphyrin-stoppered rotaxanes by analogous

methods (Scheme 1.5).41"44

Here 21 contains a porphyrin - gold (III) complex as a stopper, on addition to 16

in the presence of Cu(I), the intermediate 22 is formed. On reaction with 3,5-di-

/ert-butylbenzaldehyde and bis(3-ethyl-4-methylpyrrol-2-yl)methane in the

presence of TFA, the intermediate porphyrinogen was oxidised with chloranil.

Chromatographic separation gave the [2] rotaxane 23 and [3] rotaxane 24 in 25

% and 32 % yields respectively.43 The rotaxanes 23 and 24 were converted to

their Zn-analogues 25 and 26 by treatment with Zn(0Ac)2-H20. ]H NMR studies

showed that de-metallation of the phenanthroline fragment with CN" changes its

structure so that the phenanthroline fragment of the macrocycle lies outside the

cleft formed by the porphyrin fragments 44

Several variations of this Cu(I) templated rotaxane synthesis are known. One of

them utilises fullerenes as stoppers on the thread. 43

Although the Cu(I) ion is an interweaving template and ensures the interlocking

of the two macrocycles, it is not a cyclization template. The macrocyclization

reaction must therefore be carried out under high dilution conditions to maximise

intramolecular cyclization and reduce any intermolecular reactions.
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^ CHD
21

^^CHO
22

Scheme 1.5 Synthesis of porphyrin containing rotaxanes.
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1.4.2 Hydrophobic synthesis of catenanes and rotaxanes via cyclodextrin

inclusion complexes.

Compounds such as cyclodextrins, cyclophanes and crown ethers are

commercially available and share the fact that their interactions with smaller

'guest' molecules can easily be conceptualised. Cyclodextrins, also known as

Schardinger dextrins, are a family of cyclic oligosaccharides obtained from the

enzymatic degradation of starch.

The main cyclodextrins (Figure 1.6a) are a-, [3-, y- and 8- although small amounts

of higher analogues are present. The compounds are isolated by selective

precipitation with appropriate organic compounds.46"48

a) Apolar interior

a, n = 6. (3, n = 7. y, n = 8. 8, n = 9.

Secondary hydroxyls
on wide rim

Primary hydroxyls on
narrow rim

Figure 1.6 a) Cyclodextrins from enzymatic degradation of starch

b) Polarity and dimensions of cyclodextrins.

Figure 1.6b shows the doughnut shape of cyclodextrins. The primary hydroxyl

groups from the 6 - position of the glucose residues are at the narrow end of the

torus, whilst the secondary hydroxyl groups from the 2 and 3 positions are on the

wide rim of the torus. On the inside of the cavity there is a ring of CH groups, a

ring of glycosidic oxygens and a further ring of CH groups; this results in a

hydrophobic ether-like interior while the external faces are hydrophilic. As a

result cyclodextrins are host molecules and can form stable complexes with a
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range of organic and inorganic guest molecules by inclusion within the

hydrophobic cavity.

Although complexation of cyclodextrins with a range of organic49"51 and

inorganic52"56 compounds has been extensively studied, the first attempts to use

them in catenane synthesis was in 1958 by Liittinghaus, Cramer, Prinzbach and

Henglein (Scheme 1.6).57

-(CH2)8

Scheme 1.6 Attempted self-assembly of catenated cyclodextrin.

To control the weak non-covalent bonding forces in water between the a-

cyclodextrin and the aromatic substrate, a range of paraphenylene and bisphenyl

derivatives bearing flexible side chains were synthesised (e.g. 27). The end

groups of the side chains contained thiol functions that were expected to form a

disulfide bond upon oxidation resulting in the catenated species 28.

Unfortunately the reaction was unsuccessful and the work was abandoned. This

early work laid the foundation for the first successful catenated cyclodextrin to

be synthesised by Stoddart in the early 1990's (Scheme 1.7).58'59
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NH>

n O

KX
NaOH H2O

o o

NH,
/ °

NH

n = 3 (29), n = 4 (30)

—1 n n

n = 3 (31), n = 4 (32)

Scheme 1.7 Stoddart's catenated cyclodextrin.

The approach involved threading a cyclodextrin over a molecular thread that

contained a hydrophobic aromatic core and two hydrophilic polyether-based side

chains terminated by amino groups. In aqueous solution the aromatic core is

attracted into the cyclodextrin cavity to give 29 and 30. Catenane formation was

made possible by reacting the amines with terephthaloyl dichloride to yield the

catenanes 31 (3 %) and 32 (2.4 %) that were separated chromatographically.

However the reaction also produced further catenated species (Figure 1.7). A

further [2] catenane from the reaction of another starting diamine molecule with

acid chloride and the pre-catenane 29/30 resulting in 33 (0.8 % )/34 (0.3 %).

Also two isomeric [3] catenanes 35a (0.4 %) and 35b (0.6 %) and the respective

36a (0.2 %) and 36b (0.2 %) were formed based on the macrocyclic tetralactam.

The [3] catenanes represent pairs of head to tail/head to tail and head to head/tail

to tail isomers that possess different averaged symmetries (C2 and D2) which was

inferred by interpretation of 'H NMR.
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0 \ X NHOC—^ J— COHN'
—

n ~~ n

V
o

fol NHOC—$ V-COHN^
n n

n = 3 (33), n = 4 (34)

N HOC —C V- COHN

NHOC—v v— COHN

n = 3 (35a), n = 4 (36a)

,0 "NHOC—C V-COHN

NHOC—v 7—COHN

n = 3 (35b), n = 4 (36b)

Figure 1.7 Further catenated products from Stoddart's cyclodextrin experiments.
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In 1981 Ogino reported the synthesis of [2] rotaxanes by threading cyclodextrins

over ammonium ions incorporated in the thread (Scheme 1.8).60,61 Two routes are

described for the synthesis of 39, in the first approach the mononuclear Co

complex 37 with a protonated Co - aminoalkyl ligand was threaded with the

cyclodextrin to form 38. In the other approach two equivalents of the dichloro-

Co complex were reacted with a, co-diaminoalkane in the presence of the

cyclodextrin to give the rotaxane.

x-

~7~—cf
nh2-

x- 37

X—

nh2-

x-
38

-(ch2)n-

-(CH2)n—

-n5t|
+ Et2NH + a- or -(3 CD

-nhTI

[CoCl2(en)2]Cl

x —

■S-cf
nh2-

X-
39

x-

-C1

-(ch2)n-

X-

nh2-

■X

Cl-
Cc

■X

Co + a- or -(3 CD + NH2 (CH2)n- -nh2

/
— X = en = H2NCH2CH2NH2

CD = Cyclodextrin

Scheme 1.8 Cyclodextrin based rotaxane synthesis by Ogino.
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It was noted that when the ring component is a (3 cyclodextrin or the

diaminoalkanes have 10 and 14 (n) methylene groups the yields are always low

(less than 6 %). These low yields were probably caused not only by the

formation of Co(III) containing by-products but also the unfavourable

complexation between the cyclodextrin and thread like guests in the DMSO

solvent.

An approach to the formation of similar rotaxanes 40 and 41 based on

bifunctionalized polymethylene chains terminated by Co(III) complexes as

fD

stoppers has been described by Yamanari and Shimura (Figure 1.8). '

6+x—

X—'
co

nh2J
(CH2)n

40

K

yu
x

Lnh2-

x-

C0-o'
x—' \\

o
41

(CH2)n- (nU,
/

— x = en = H2NCH2CH2NH2

Figure 1.8 [2] rotaxanes containing cyclodextrins from Yamanari and Shimura.

Recently the construction of a range of [2] rotaxanes, by an approach that

involves metal complexation as the key reaction for the attachment of 'stoppers'

to polymethylene threads terminated by pyridylpyridinium units has been

achieved by Macartney (Scheme 1.9).64 The rotaxane complex 42 forms

irrespective of the order of the addition of the components the a- cyclodextrin,

1,1' -(a,oo-alkanediyl)-6zs(4,4' -bipyridinium) bromide and
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Na3 [Fe(CN)5NH3]-3H20 (source of stopper) to the aqueous reaction solvent. The

rotaxane formed even when the cyclodextrin was added to the stoppered thread.

This indicated a slow dissociation of the [Fe(CN)5]4~ stoppers to give a semi-

rotaxane type structure.

h2o,a-cd
2[Fe(CN)5(oh2)]3-

42

n = 8- 12

Scheme 1.9 Macartney's organometallic stoppered [2] rotaxane.

Evidence for the formation of the [2] rotaxane was by ]H and 13C NMR

spectroscopy, in which the signals of the symmetry related protons of the

[bpy(CH2)„bpy]2+ unit are split by the end to end asymmetry of the trapped

cyclodextrin ring.

Numerous other examples of cyclodextrin templated rotaxanes are known.65"67

It is clear that cyclodextrins bind linear molecules within their hydrophobic

cavities. Through the accumulation of multiple yet weak intermolecular

interactions, such as hydrophobic effects, van der Waals interactions and

hydrogen bonds; cyclodextrins can bind guest molecules quite strongly and
z: o

, .

occasionally stronger than a covalent bond. While the binding is very

complicated the interactions are very general as a wide range of guest molecules

form complexes with cyclodextrins, suggesting that these molecules are among

the most non-specific templating agents available.
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1.4.3 Charge transfer and/or n-stacked routes to catenanes and rotaxanes.

Towards the mid-1980's Stoddart had devised a template for the synthesis of

catenanes and rotaxanes. The 7t-electron rich hydroquinone-based macrocyclic

polyether bis-para-phenylene-34-crown-10 (BPP34C10) binds the well known

herbicide paraquat (4,4'-CH3(C5H4N)2CH3-2CH3S04) with a pseudorotaxane like

geometry 43 (Figure 1.9) not only in solution but also in the solid state.70

Figure 1.9 Paraquat-dialkoxy benzene complexes, which form
the basis of Stoddart's template strategy.

The non-covalent bonding interactions that are responsible for this complexation

are; iz-n stacking between the 7r-electron rich hydroquinone rings and the 7t-

electron deficient bipyridinium units as well as hydrogen bonding between the

oxygen atoms of the polyether and the acidic hydrogen atoms (Me and a-bipy)

on the bipyridinium units. By simply reversing the recognition sites, a

bipyridinium-based macrocycle that is able to bind hydroquinone - based

compounds was generated 44 (Figure 1.9).71 Detailed X-Ray analyses of similar

complexes have shown that the neutral hydroquinone is inserted through the

centre of the centrosymmetric 28 - membered tetracationic macrocyclic receptor

whose overall dimensions do not change upon the complexation. In addition to

the Ti-Ti stacking and hydrogen bonding interactions, edge-to-face T-type

interactions between the hydrogen atoms attached to the hydroquinone ring and
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7t-clouds of the aromatic spacer separating the two bipyridinium units are

79 79
observed. ' Stoddart et al has also reported the complexation of the centro-

symmetric 28 - membered tetracationic macrocyclic receptor with various donor

molecules; 1,5-dihydroxynaphthalene derivatives,74 tetrathiafulvalene (TTF),75
7f\ 77

and various amines and amino acids. '

The first [2] catenane 45 from Stoddart et al was prepared in an astonishing 70 %

yield (Scheme 1.10) demonstrating the strong attractive forces between the

bipyridinium and hydroquinone units.

O 0

45

Scheme 1.10 Stoddarf s [2] catenane synthesis.
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Stoddart has since reported numerous [2] catenanes by altering the aromatic

backbone in the crown ether,78'79 or the backbone of the bi-pyridinium.80 This

template strategy has also led to the formation of a [3] catenane 46 (Figure 1.10),

again the relatively high yield (ca. 25 %) demonstrates the strong template

ability between the bipyridinium and hydroquinone units.81
/ \ /=\ / \

\ / \ /
46

Figure 1.10 Stoddart's [3] catenane.

Expanding this templating concept, Stoddart has reported the synthesis of a range

of rotaxanes. The first rotaxane incorporating a 7r-electron rich dumb-bell shaped

component was in fact self-assembled by both the threading and clipping

approaches (Scheme 1.11). The complexation of the hydroquinone-based acyclic

polyether 47 with the tetracationic bipyridinium based cyclophane results in the

pseudorotaxane 48, attachment of isopropyl-silyl based stoppers affords the [2]

rotaxane 50 in 22 % yield as a result of the threading procedure. Comparatively,

the reaction of the dication of the bipyridinium-based cyclophane with 1,4-

bis(bromomethyl)benzene in the presence of the dumb-bell shaped hydroquinone

component affords the [2] rotaxane in 14 % yield. The structures of these donor-

acceptor molecules were determined by X-Ray diffraction, FAB MS and 'H and
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ljC NMR spectroscopy. Using this clipping procedure Stoddart has gone on to

87 84
make numerous rotaxanes including bis rotaxanes.

MeCN
7 Davs 'Clipping'
AgPF6

Stoddart is also approaching the synthesis of rotaxanes by incorporating k-

electron deficient dumb-bell shaped components (i.e. cationic bipyridinium units)

and 7r-electron rich macrocycles (i.e. BPP34C10). Figure 1.11 shows a [2]

rotaxane 51.85
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Figure 1.11 Stoddart's [2] rotaxane based on 7t-electron deficient thread

and 7i-electron rich macrocycle.

To produce 51, the macrocyclic component, bipyridine as the thread and the

tris(/erf-butylphenyl) methane based chloride as the stopper, the [2] rotaxane was

produced in 26 % yield by the threading procedure. This was achieved using 2

equivalents of BPP34C10, DMF as solvent at 30 °C under 12 kbar pressure for 2

days. No reaction was seen using 3 equivalents of BPP34C10, MeCN as solvent

at RTP for 15 days. Stoddart has reported further [n] rotaxanes of this type by

increasing the number [n] of bipyridinium groups in the dumb-bell shaped

component. Again these synthetic routes rely on high pressure and are achieved

by the threading approach.

1.4.4 Ti- Stacking and hydrogen bonded routes to catenanes and rotaxanes.

In 1991 Hunter was preparing the tetralactam host-molecule 54 for the guest p-

benzoquinone to make the complex 55, during an investigation involving
o/

photosynthesis (Scheme 1.12). This was achieved from the direct reaction of

the diamine 52 and the acyl chloride 53 to yield the macrocycle in 10 % yield

and it was calculated that the association constant of the complex with

benzoquinone was 10J M"1. To overcome the low yield of the macrocycle Hunter

developed a stepwise synthesis utilizing high dilution and produced the

macrocycle in 51 % yield, however two further products were also produced.
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These were the [2] catenane 56 in 34 % yield and its tetrameric macrocyclic
on

isomer 57 (Figure 1.12). Since the macrocycle and p-benzoquinone were

designed to interact by hydrogen bonding and n-n interactions it was speculated

that this same template mechanism was responsible for the formation of the [2]

catenane 56.

°=O=0

Scheme 1.12 Hunter's macrocyclic receptor synthesis for/?-benzoquinone.
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Figure 1.12 Additional compounds from Hunter's

improved macrocycle synthesis.

It was soon realised that several factors were important in this template strategy;

i) intermolecular hydrogen bonding of preformed amide linkages with carbonyl

groups of acid chloride or amide moieties, ii) 7t-stacking of the electron-rich

diamine nuclei and the electron poor diacid chloride and iii) the bent shape

bestowed by the spiro linkage in the diamine. The combination of these factors

all result in the pseudorotaxane type structure (Figure 1.13).
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Figure 1.13 Hydrogen bonded pseudorotaxane type structure.

The [2] catenane 56 was identified by mass spectroscopy and extensive variable

temperature and 2D 'H NMR. X-ray crystallography revealed six hydrogen

bonds between the two identical rings in the solid state.

On the basis of this template mechanism for catenane formation Vogtle et al
OO OQ

have synthesised a range of related catenanes ' and consequently the first

amide-linked [2] rotaxanes in 1995 (Figure 1.14).90

In the synthesis of the rotaxanes 58 a-f, the guest molecule is the acid chloride of

the dicarbonyl (or thionyl) species, which is added to the macrocycle. The

macrocycle acts as a concave template resulting in the hydrogen bonded complex

- (see Figure 1.13). The subsequent reaction of the complex with (4-

aminophenyl)triphenylmethane which acts as the stopper results in the

corresponding [2] rotaxanes. The reaction is performed in DCM solvent with

Et3N as a secondary base at room temperature; the rotaxane yields are as high as

41 %.
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Figure 1.14 First amide [2] rotaxanes synthesised by Vogtle.

Vogtle et al were surprised that a modification of the dumb-bell backbone by

incorporating sulfonyl groups results also in [2] rotaxanes (58e & 58f) thus

demonstrating the tolerance of the non-ionic concave macrocycle as a 'friendly'

concave template.27' 1

Vogtle et al later synthesised [2] rotaxanes with different stoppers (Figure 1.15).
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c - 'oA
a b c

Figure 1.15 Vogtle's porphyrin stoppered rotaxanes.

Following the same synthetic procedure the [2] rotaxanes 59a-c were prepared,

also the Zn complex of 59b was prepared. The unsymmetrical [2] rotaxane 60
09

was also synthesised.

The macrocyclic host was also used for the first amide based [3] rotaxane 61

(Figure 1.16) 93
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Initial attempts to produce 61 (when n = 1) resulted in the corresponding [2]

rotaxane and it is thought that this is due to the repulsive and steric interactions

of the macrocycle. When n = 2, 61 was formed. The reactions were achieved by

complexation of the macrocycle with the linear acid chloride of the thread

followed by stoppering the resulting pseudorotaxane with 4-trityl-phenylamine.

In 1995 Leigh et al were attempting to prepare a macrocyclic receptor 62 for

carbon dioxide in a similar manner by which the receptor for /?-benzoquinone

was synthesised. Molecular modelling indicated a favourable mode of interaction

of the macrocycle with CO2 (Figure 1.17).94

62 + CO,

Figure 1.17 Leigh's amide receptor designed to bind CCL.
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The synthesis of Leigh's macrocycle 62, was attempted by the direct [2+2]

condensation of equimolar quantities of isophthaloyl dichloride and p-xylylene

diamine in a solution of triethylamine in chloroform (Scheme 1.13). During the

reaction a colourless precipitate began to form immediately and the reaction

work up involved filtering and washing the precipitate as a single product.

Although the 'H and 13C NMR of this compound were consistent with the

anticipated structure for the desired macrocycle no complexation with CO2

occurred. A single crystal X-Ray diffraction study of the compound formed

revealed that instead of the expected [2+2] macrocycle the [2] catenane 63 was

formed in 20 % yield.

63 20%

Scheme 1.13 Leigh's [2] catenane synthesis by 8 - molecule condensation.

CHCI3
b3n

The solid-state structure revealed that one macrocycle was threaded though the

cavity of the other (Figure 1.18) which rationalised why CO2 binding never

occurred.
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Figure 1.18 X- Ray structure of Leigh's benzylic amide [2] catenane 63.

Leigh et al later reported the synthesis of a range of related [2] catenanes in ca.

20 % yield [(2+2+2+2) catenane] by variations in the aromatic 1,3 dicarbonyl

with five membered rings, six membered rings, thiophenes, pyridines by

incorporation of nitro groups, alkyl groups, alkenes, ethers and halogens;

Variations in the 1,4-phenylene were also made by using 2,6-naphthalenediyl,

4,4'-biphenylene. The reactions also produced the (2+2) macrocycle, and various

reactions produced the (3+3) macrocycle, the (4+4) macrocycle and the

(4+4+2+2) catenane in various yields.95

In a continued effort to synthesise the macrocycle 62, Leigh et al went about

incorporating it in a [2] rotaxane 64 (Scheme 1.14), followed by rotaxane

disassembly to yield the free macrocycle. The rotaxane synthesis was achieved

using the same 1,3 dicarbonyl template.96
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CHPh2

CHCI3
Et3N

H,N'

o

CHPh2

62

Scheme 1.14 Synthesis of Leigh's amide based [2] rotaxane.

The synthesis of rotaxane 64 was achieved by the slow addition of separate

chloroform solutions of the macrocyclic components (isophthaloyl dichloride and

p>-xylylene diamine) to a stirring solution of the thread in chloroform and
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triethylamine solution using motor driven syringe pumps. Filtration and washing

of the reaction mixture left three components that were separated by column

chromatography, the orders of elution being the starting thread, the [2] rotaxane

64 in 28 % yield and the [2] catenane 63. The [2] rotaxane was then

disassembled by transesterification to give the target macrocycle that precipitated

quantitatively and analytically pure. It was found that films of the macrocycle

bind rapidly and reversibly with CO2.96

Leigh et al realised that a similar spatial arrangement of amides was found in

adjacent amino acid residues and explored these as templating agents for the
Q7

macrocycle 62 to form the corresponding rotaxanes (Scheme 1.15).

CHCI3
Et3N

Scheme 1.15 Synthesis of Leigh's peptido [2] rotaxane.
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The dumb-bell shaped thread 65 that incorporates the simplest dipeptide

fragment (glycylglycine) was synthesized. A-acylation of the ethyl ester of the

dipeptide with diphenylacetyl chloride followed by transesterification at the C

terminus with 2,2-diphenylethanol gave 65. Rotaxination was achieved by the

slow addition of separate chloroform solutions of the macrocyclic forming

species (isophthaloyl dichloride and p-xylylene diamine) to a stirring solution of

65 in chloroform and triethylamine using motor driven syringe pumps. Filtration

and washing of the reaction mixture left three components that were separated by

column chromatography, the orders of elution being the [2] rotaxane 66 in 62 %

yield, the thread 65 and the [2] catenane 63. The rotaxane was characterised and

its solid-state structure shown in Figure 1.19.

Figure 1.19 Solid-state structure of Leigh's peptido [2] rotaxane 66.

Although it was initially thought the template methodology in amide based

catenanes and rotaxanes was made possible by the n stacking of the electron rich

xylylene rings and electron poor isophthaloyl rings the preparation of the peptido

[2] rotaxane 66 supports the proposal that the driving force for such reactions is
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the hydrogen bonding between the diamide species and the carbonyl groups of

the acid chloride or other intermediates.97 The mechanism devised by Leigh et al

for the formation of the aromatic stacked [2] catenane 63 and [2] rotaxane 64 is

shown in Scheme 1.16 97

Scheme 1.16 Mechanism for the formation of n stacked catenanes and rotaxanes.

Scheme 1.16 shows the clipping strategy that leads to the benzylic amide

catenane 63 by route a) and the formation of the [2] rotaxane 64 by route b). This

is achieved by the macrocyclic precursor forming three hydrogen bonds with two

carbonyls of the 1,3 diamide backbone and a further fourth hydrogen bond

between a carbonyl and an amide proton of the other component, be it the

macrocyclic species (catenane formation) or the dumb-bell shaped component

(rotaxane formation).
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The mechanism for the formation of the peptido [2] rotaxane 66 is shown in

Scheme 1.17.

Scheme 1.17 Mechanism for the formation of [2] peptidorotaxane.

Again the synthesis is achieved by the clipping procedure. The rotaxane forms by

two possible mechanisms; by the intermediate shown as for rotaxane 64 (See

Scheme 1.16). Or via an intermediate analogous to that for the pyridyl based

macrocycle system in which all four hydrogen bonds from the cyclization

precursor are exclusively to the carbonyl groups of the dumb-bell shaped

component.

Leigh's macrocycle (62) 1,7,14,20-tetraaza-2,6,15,19-tetraoxo-

3,5,9,12,16,18,22,25-tetrabenzocyclohexacosane and its templating ability by

clipping about the thread (that has been described) which leads to the formation

of catenanes and rotaxanes will form the basis of this research.
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1.5 Properties ofcatenaries and rotaxanes.

The mechanical interactions that exist between the individual components of a

catenane and rotaxane produce a molecule with different properties to those of

the individual components. These properties are being investigated especially

with respect to the rotaxane type structure. A summary of such interactions is
no

shown in Figure 1.20.

a) Interactions with the environment. Could.be used to protect
chromophores, dyes, drugs & molecular wires

Sensitive functionality
b) Interactions between macrocycle and thread (shape memoiy control)

c)Switchmg could be used in information storage for mating materials
with switcable properties

Weak interaction

Strong interaction

Figure 1.20 Modified properties of rotaxanes.

The macrocycle can modify the interactions between the thread and environment,

resulting in the protection of a sensitive moiety from an external agent - Figure

1.20a. The shape of the dumb-bell shaped component can also become affected

by the presence of the macrocycle perhaps leading to a flexible molecule in one

case and a rigid molecule on another case - Figure 1.20b. Molecular movement
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of the individual components could also lead to molecular switches (for use in

logic gates) and molecular motors - Figure 1.20c.

Leigh has shown that a peptide rotaxane that contains the pentapeptide leucine

encephalin (Figure 1.21) 67 has increased metabolic stability compared to that of

the free peptide. Encephalins are pentapeptide components of endorphins which

act on receptors in the brain and act as the body's own painkillers." Peptide

based drugs have many stability and bio-availability problems as they often fail

in reaching their targets as they are rapidly degraded by enzymatic barriers and

this has to be overcome for them to become successful therapeutic agents.100 The

work by Leigh et al is ongoing into the use of peptide rotaxanes as pro-drugs for

drug delivery systems.

,OH

H3+N'

o o
H

-N-

O

"N"
H

H
-N-

O

'N'
H
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67

Tyr-Gly-Gly-Phe-Leu
Figure 1.21 Leucine Enccphalin.

Harry Anderson and co-workers at the university of Oxford are utilizing

rotaxane-based systems for insulating molecular wires (Figure 1.22).101

The long conjugated n system used in the dumb-bell backbone of the rotaxane

102
can be regarded as a 'molecular wire' as it contains mobile electrons. Such

conjugated polymers have potential applications in non-linear optics, in organic

electroluminescent display devices and as organic superconductors, however the

small HOMO-LUMO energy gaps responsible for such properties can lead to
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chemical reactivity and instability of the molecules. Insulation of such molecular

wires by a macrocycle resulting in a corresponding rotaxane 68 (Figure 1.22) can

possibly overcome this problem.

Anderson et al have also shown that in a similar system the optical properties of

a chromophore thread can be enhanced with rotaxane-based protection. The

resulting [3] rotaxane from the synthesis has an emission intensity six times

greater than that of the thread alone and it is assumed that the macrocycle hinders

the quenching of the thread's excited state by the environment, thus improving

its fluorescence efficiency.103

Molecular switching in rotaxanes is also receiving a lot of interest. This is

generally achieved by the thread having two regions of recognition for the

macrocycle to switch to. These 'molecular shuttles'104 are envisaged to act as

logic gates and replace silicon in computer systems10" and act as artificial

molecular machines.106 Examples of molecular switching in rotaxanes can be

seen in Figure 1.23.
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a) pH Controlled switching.

Q

o o-

NH

2PF6"

b) Environment controlled switching.

Lipophilic
station

70

( \_ Peptide j Peptide ■-"A

CHC13 DMSO

Figure 1.23 Switching in rotaxanes.
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Figure 1.23a shows a [2] rotaxane 69 by Stoddart that incorporates a

dialkylammonium and bipyridinium recognition site in its dumb-bell shaped

component.107 The macrocycle preferentially resides over the ammonium station

as a result of the combination of N-H+ ••• O and C-H ••• O interactions between

the CH2NH2+ hydrogen atoms of the dumb-bell and the oxygen atoms of the

macrocycle. Upon addition of an excess of z'Pr2NEt to the rotaxane in (CD3)2CO

deprotonation of the ammonium recognition site occurs and consequently the

intercomponent hydrogen bonds are destroyed and the macrocycle shuttles to the

bipyridinium station. Addition of CF3C02H restores the protonated ammonium

and causes the shuttling back of the macrocycle over the NH2+ centre. In this

instance 'H NMR follows the shuttling process by observing the bipyridinium

protons. Initially the protons appear as a singlet. After deprotonation of the

ammonium recognition site, the macrocycle shuttles to the bipyridinium and two

distinct resonances are observed for the protons. Regeneration of the ammonium

group leads to macrocycle shuttling back over this site and original signal for the

protons is restored. In this case the shuttling alters the colour of the solution from

colourless to yellow indicating the formation of a charge transfer complex

between the macrocycle and bipyridinium station of the dumb-bell, the reverse is

noted upon regeneration of the ammonium station.
1 AO

In the peptide based molecular shuttle by Leigh et al, (Figure 1.23 b); the

backbone of the [2] rotaxane 70 contains two identical dipeptide stations

(glycylglycine) that are separated by a lipophilic central station and the

encircling macrocycle is 62. In this case the shuttling of the macrocycle from the

peptide station to the lipophilic station is solvent dependent and is noted from

comparison of the !H NMR spectra of the thread and the rotaxane in DMSO-dg
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and CDCI3. In CDCI3 the macrocycle shuttles between the two peptide stations.

The protons in the glycylglycine stations are shielded by the macrocycle and

show a significant shift difference to that of the thread whereas the lipophilic

protons show no change (i.e. little shielding). Upon altering the solvent to

DMSO-d6 the macrocycle no longer shuttles across the lipophilic station and

spends its time on the lipophilic station. This is evident from the 'H NMR

spectrum as the protons on the lipophilic station are shielded by as much as 0.85

ppm, whereas the peptide protons now show no shift difference to that of the

dumb-bell shaped component.

Sauvage et al have demonstrated that switching in a rotaxane can be achieved by

electrochemical means109 and Nakashima et al have used light to drive the

switching of a cyclodextrin based rotaxane.110

The discovery of naturally occurring catenated DNA rings,111'112 the rotaxane

like ATP synthase1 lj and the rotaxane-like flagellum motors on bacteria114 have

also stimulated the challenge for the synthetic chemist to prepare catenanes and

rotaxanes.

1.6 The Hydrogen bond.

A hydrogen bond is defined as: a type of bond formed when a hydrogen atom

bonded to atom A in one molecule makes an additional bond to atom B either in

the same molecule (intramolecular) or another molecule (intermolecular) -

Figure 1.24, where A and B are electronegative elements and B possesses a lone

pair of electrons.115
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a) Inter-molecular Hydrogen bonding.

Q *
H-0 V=0 H-0

' I H ;
H

H-0 \=0

6
b) Intra-molecular Hydrogen bonding.

H

H

Figure 1.24 Comparison of inter- and intra- molecular hydrogen bonds.116

The formation of the hydrogen bond can be expressed as an example of

delocalised molecular orbital formation in which A, H and B each supply one

atomic orbital from which three molecular orbitals are formed (Figure 1.25). The

A and H Is orbitals form the A-H bond in the AH molecule and the B orbital

accommodates the lone pair on B. In the combined species there are four

electrons to accommodate (two from the A-H bond and two from the lone pair on

B), and these occupy the two lowest molecular orbitals of the AHB fragment.

Since the uppermost (most antibonding) orbital is vacant it is feasible that the net

effect is a lowering of energy and hence the formation of a hydrogen bond.

The strength of the hydrogen bond is found to be in the region 10-60 kJmol" ;

since the bonding depends on orbital overlap, it is a contact like interaction that

becomes zero as soon as the bond is broken.115
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A H B

Figure 1.25 Molecular orbital interpretation for hydrogen bond formation.

Hydrogen bonding is indeed very important. Without it the functions of DNA,

proteins, enzymes etc would certainly not be possible. The properties of water

are determined by hydrogen bonding and this interaction pervades synthetic

chemistry as all living things have evolved from an aqueous environment.

1.7 Project aims.

The hydrogen bonded directed assembly of the [2] catenane 63 by Leigh et al has

led to the synthesis of amide - based rotaxanes. This has been achieved by the

precursor of macrocycle 62 clipping about carbonyl groups resulting from

hydrogen bonds. We are interested in synthesising a range of organo-phosphorus

containing threads and observing if macrocyclization of 62 by clipping around

these Pv groups will occur, as numerous organo-phosphorus compounds display

intra- and inter- molecular hydrogen bonding abilities. To date macrocycle 62

has only ever templated about carbonyl groups of amides.

We describe here our studies on the synthesis of a range of organo-phosphorus

threads and rotaxination attempts upon them.
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Chapter 2

The synthesis of TV diphenylphosphino stoppered

peptide rotaxanes

2.1 Introduction.

The synthesis of amide-based rotaxanes was discussed in Chapter 1 (Section

1.4.4). Leigh et al have synthesised peptide rotaxanes in which the glycylglycine

residue is N terminated by a diphenylacyl group. This group not only acts as a

stopper for the macrocycle but also provides a hydrogen-bonding site for the

amide protons of the macrocycle on its carbonyl group.97

In this chapter we are interested in examining the affects of synthesising the

analogous dipeptide thread and N terminating it with phosphoramide groups of

the O, S and Se chalcogen derivatives of the diphenylphosphino group (Scheme

2) and attempting to form corresponding rotaxanes by clipping the macrocycle

62 over the thread backbone.

These P-N bonded systems will not only incorporate heteroatom stoppers but

could also influence the hydrogen bonding in the rotaxane super-structure, as P-

N bonded chalcogenides exist as hydrogen bonded head to head and head to tail

dimers in the solid state, this is between the chalcogen atom and the amide

proton of a neighbouring molecule.117'11
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och-,ch3

Reagents and conditions:
i) S, Se. Reflux in thf.
ii)Gly-Gly ethyl ester hydrochloride, 2 eq.Et3N in thf.
iii)Catalyst (B^SnC^hO, 2,2-diphenylethanol, Reflux toluene 36 Hrs.
iv)10 eq. isophthaloyl dichloride &p-xylylene diamine in CHC13 20 Eq. Et3N.

Scheme 2 Reaction scheme for the synthesis ofN terminated

phosphoramide peptide rotaxanes.
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Results and Discussion

2.2 Synthesis ofchalcogen derivatives ofchlorodiphenylphosphine.

,C1
E = S, Se

Refux, thf

-CI
1, E=S
2, E=Se

Scheme 2.1 Chalcogen derivatives of chlorodiphenylphosphine.

The oxidation of chlorodiphenylphosphine to form Pv species - Ph2P(E)Cl

(Scheme 2.1), has been used extensively in synthetic chemistry and proceeds in

very good yields (above 97 %). The reaction is performed by refluxing a thf

solution of the chlorophosphine with sulfur or selenium powders to give the

respective chalcogen derivative. The reaction progress can be seen by the

disappearance of the chalcogen as it is consumed by the phosphine. A slight

excess of chalcogen is used and this insoluble residue is filtered from the reaction

mixture. Compounds 1 and 2 are colourless viscous oils that are sensitive to

moisture evolving HC1, 2 is also sensitive to oxygen which leads to the

deposition of red selenium. The oils 1 and 2 are highly soluble in DCM, CHCf

and thf.

The jlP-{'H} NMR resonance (CDCI3) of chlorodiphenylphosphine is a singlet

at 79.4 ppm, the chemical shifts for 1 and 2 can be seen in Table 2. The

phosphine oxide is commercially available.
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Table 2 ^P-^H} NMR shifts for chalcogen derivatives of

chlorodiphenylphosphine.

Compound 31P-{'H} 5:
E=0 44.9

1, E=S 79.4

2, E=Se 70.3

Interestingly 1 shows no difference in the NMR shift to that of the

starting chlorophosphine although reaction progression is observed from

consumption of sulfur. The chemical shift is consistent with reported data.119 The

seleno derivative 2 displays selenium satellites 1 Jp=se 869 Hz which is consistent
170

for this group.

2.3 Synthesis ofphosphoramides ofglycylglycine ethyl ester.

The use of chlorophosphines to synthesise P-N bonds and in this case the

diphenyl phosphoramide moiety, by reaction with amino acid residues has been

studied extensively. Early studies have seen the group used as potential
• 171

protecting groups for the amine function in peptide synthesis. However more

recent studies have seen them developed as chiral iV-phosphorus amino acid
III • 122

esters via their P analogues in a study of chiral ligand synthesis.

The synthesis of 3, 4 and 5 was performed by the slow addition of a thf solution

of the relevant chalcogen derivative of the chlorophosphine to a thf solution of

glycylglycine ethyl ester (Scheme 2.2). Slow addition of the chlorophosphine

ensures that only the mono phosphoramide is formed, the reactions were

monitored by jlP-{'H} NMR in the reaction solvent using D6-benzene inserts

and by tic.
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* 2Et3N.HCl

Scheme 2.2 Phosphoramide synthesis from amino acid esters.

The reactions were conducted in thf at room temperature and not DCM as

previously reported.121'122 In thf the EtsN.HCl salt that is formed upon P-N bond

formation is an insoluble colourless precipitate that can be filtered from the

reaction mixture. Removal of the hydrochloride salt by filtration and removal of

the thf left the crude compounds. In an attempt to recrystallise the compounds by

dissolving in DCM to precipitate 3 - 5 by the addition of hexane, 3 formed an

emulsion but was eventually purified after column chromatography as a

colourless waxy solid. 4 and 5 were purified by filtration of the hydrochloride

salt then removal of the solvent from the filtrate to give the crude solids, these

were recrystallised from DCM by the drop wise addition of hexane to precipitate

colourless solids. Upon initial precipitation the mixtures were cooled in a

refrigerator for 2 hrs, the compounds were then collected by filtration as

colourless, crystalline solids in good yields (ca. 80 %).

3, 4 and 5 are highly soluble in DCM, CHCI3, thf and toluene but are insoluble in

hexane and Et20.

3 and 4 are oxygen and moisture stable, while 5 is sensitive to oxygen and slowly

deposited red selenium after being exposed to the atmosphere for a few days.

By directly comparing the Rf values for 3 - 5 (in 3 % MeOH in DCM) it was

noted that 3 is very polar (Rf = 10 %) compared to 4 and 5 (which show similar
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values of 33 % and 40 % respectively), the polarity of the compounds is due to

the electronegativity of the chalcogen atom.

The 'H NMR spectra of 3, 4 and 5 in CDCI3 are all satisfactory and the spectra of

4 and 5 appear identical. However the spectrum of 3 shows differences in the

chemical shift of the amide protons Ha and Hc (Figure 2). Ha is shifted by

approximately 1 ppm to higher frequency in 3, and Hc is shifted by

approximately 1.25 ppm to higher frequency in 3 compared to the spectra of 4

and 5. In all the spectra Ha appears as a quartet as its signal is split not only by

the adjacent CH2 protons but also by the adjacent 31P. The alkyl proton Hb,

appears as a doublet of doublets as its signal is split by the adjacent NH proton

and by a 3J coupling to the 31P.The aromatic protons in 3, 4 and 5 are split into

two multiplets in the ratio of 2 : 3 (o protons : m and p protons).

3, E=0

| I 1 I I | I I I I | I I M | I I I I |" I I 'I I I I I I I | II I I | I I II I I I I I | II I I | I I I I | I II ! J I I I I | I I I I | 1 1 1 I | I I 1 ' |
8.5 8.0 7.S 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 OS

Figure 2 *H NMR spectra of 3 and 4.
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The I3C-{]H} NMR chemical shifts for 3, 4, and 5 in CDCI3 are shown in Table

2.1. The aliphatic chemical shifts are all almost identical. Differences in the

magnitude of the aromatic 'Jc-p and aliphatic JJc-p (to the C=0) coupling

constants are observed as a result of altering the chalcogen atom. It can be seen

that the greater the electronegativity of E, the larger the magnitude of the

aromatic 1 Jc-p coupling constants, with no notable change in the magnitude of the

2-4
Jc-p. Conversely the magnitude of the aliphatic 3Jc-p constants decreases with

an increase of electronegativity on E. This is consistent with previously reported

data.124 An aliphatic 2Jc-p coupling is only observed in 3 with a magnitude of 1

Hz.

Table 2.1 13C-{!H} NMR shifts in 3, 4 and 5.

a
/-

1 b H IIA. c 0 3, E=0

^ 4, E=S
5, E=Se

3 4 5
b 44.4 (d, 2Jc-P = 1 Hz) 44.0 44.8
d 41.3 41.3 41.3
e 61.2 61.5 61.6
f 14.1 14.0 14.0

Aromatic
128.6 (3Jc-p = 13 Hz)
131.0(^=130 Hz)
131.9 (2Jc-p = 10 Hz)
132.1 (4Jc-p = 3 Hz)

128.7 (3Jc-p =13 Hz)
131.6 (Vc-p =11 Hz)
132.0 (4Jc-p = 3 Hz)

133.5 (^=103 Hz)

128.6 3JC-p= 13 Hz)
131.7 (2Jc-p = 12 Hz)
132.1 (Vc-p = 3 Hz)
133.2 (1Jc-p= 92 Hz)

C=0 169.6
170.9 (3Jc-p = 5 Hz)

169.7
170.3 (3Jc-p = 9 Hz)

169.7
169.9 (3Jcp = 9 Hz)

Upon P-N bond formation the jlP-{'H} NMR shifts of compounds 3, 4 and 5 in

CDCI3 move to lower frequency. By 17 ppm for 3, 14 ppm for 4 and 10 ppm for

5. Compound 5 displays selenium satellites, 1 Jp=se 759 Hz.
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Selected IR data of 3, 4 and 5 are shown in Table 2.2. The IR spectrum of 3

displays a strong broad band at 3325 cm"1 (N-H stretch), presumably due to a

hydrogen bond interaction of the oxygen atom of the 0=P group with the amino

proton in an adjacent molecule.117

Table 2.2 Selected IR data for compounds 3, 4 and 5.

IR (cm"1)
Compound V(PN-H) V(N-H)

amide

V(C=0)
ester

V(C=0)
amide

V(c-O)
ester

V(P-C) V(P=E) 6(00)
amide

H

Bonded

3 3381 3062 1749 1678 1209 1123 1187 701
4 3362 3181 1754 1655 1210 1106 632 698
5 3363 3162 1754 1655 1210 1102 555 698

19T
The IR data are in good agreement with similar compounds.

The FAB mass spectrum of 3 displays the parent ion as the base peak at m/z =

361 [M+H]+. The spectrum also shows a peak at m/z = 721 [2M+1] +. Notable

peaks at m/z = 230 for the fragment [Ph2P(0)NHCH2]+ and m/z = 201 for

[Ph2P(0)]+ are also present. The FAB mass spectrum of 4 displays the parent ion

at m/z = 377 [M+H]+ and the base peak is at m/z = 217 for the fragment

[Ph2P(S)]+. The FAB mass spectrum of 5 displays the parent ion at 425 [M+H]+,

the base peak appears at m/z = 147 from the fragment of the breaking of the N-C

(aliphatic) closest to the P, [C6pIi3N03]+, a peak appears at m/z = 265 for the

fragment [Ph2P(Se)]+. The molecular ion [Ph2P(E)]+ is notable in the mass

spectra of compounds 3-5.

Crystals of 4 and 5 suitable for X-Ray diffraction were obtained by layering the

NMR samples (CDCI3) with hexane and allowing slow diffusion of the solvents.

Figure 2.1 shows the X-Ray crystal structure of 4.
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C(14)

Figure 2.1 Crystal structure of Ethyl A-diphenylphosphino
sulfide glycylglycinate 4.

Compounds 4 and 5 display intermolecular hydrogen bonds that lead to a head to

head molecular arrangement in the solid state. In 4 this is from the amine proton

N(5)-H(5N) to the oxygen atom 0(4)# 1 of the adjacent molecule with a

separation of 2.03(3) A. An amide hydrogen bond is also observed from the

amide proton N(2)-H(2N) to the sulfur atom S(l)#l on another adjacent

molecule with a distance of 2.625(5)A. Similarly in 5, the hydrogen bonding is

from the amine proton N(5)-H(5N) to the oxygen atom 0(34) of the adjacent

molecule with a distance of 1.97(2) A. Hydrogen bonds are also observed from

the amide proton N(32)-H(32N) to the selenium atom Se(31)#3 on an adjacent

molecule with a distance of 2.728(4) A. Figure 2.2 shows the X-Ray crystal

structure of 5.
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Figure 2.2 Crystal structure of Ethyl A-diphenylphosphino
seleno glycylglycinate 5.

Selected bond lengths and angles for compounds 4 and 5 are displayed in Table

2.3.

Table 2.3 Selected bond lengths (A) and angles (°) for compounds 4 and 5.

4 5

P(l)-E(l) 1.957(13) 2.115(8)
P(l)-N(2) 1.671(3) 1.671(3)
C(4)-0(4) 1.228(3) 1.225(4)
C(7)-0(7) 1.188(5) 1.194(4)
C(7)-0(8) 1.322(4) 1.324(4)
P(l)-C(ll) 1.814(4) 1.814(4)
P(l)-C(17) 1.801(4) 1.801(4)

N(2)-P(l)-E(l) 116.59(12) 116.36(9)

199 19S
The crystallographic data are in good agreement with related compounds.

The amide hydrogen bond observed from the crystal structure is supported from

IR data of these compounds. The amide hydrogen bond occurs at approx 700 cm"

1 and this band is observed in the spectra of these compounds. Although 3 cannot
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be obtained as a crystalline solid the IR band present at 700 cm"1 suggests a

hydrogen bonded molecular arrangement is also present.

2.4 Transesterification ofethyl ester to 2,2-diphenylethyl ester.

The synthesis of the dumb-bell shaped components is achieved by the catalytic

transesterification of the ethyl esters of 3, 4 and 5 with the 2,2-diphenylethyl

group using 2,2-diphenylethanol according to Scheme 2.3.

Leigh et al has successfully achieved such a transesterification in the synthesis of

the thread 65 (See Chapter 1, section 1.4.4) and this same procedure is

followed.97

The transesterification is achieved by refluxing a toluene solution of the ethyl

ester with 2 equivalents of the alcohol and 0.2 equivalents of the bis-

(dichlorobutyl tin oxide catalyst) - BDCBTO. The reactions were monitored by

tic and the reaction pathway proceeds according to the mechanism outlined in

Scheme 2.4.

5, E=Se 8^ E=Se + EtOH

Scheme 2.3 Transesterification of ethyl esters.
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Scheme 2.4 Mechanism for transesterification of ethyl esters.

The initial step of the reaction is the formation of the alkoxydistannoxane with

the alcohol, which is followed by the coordination of the carbonyl of the ethyl

ester with the tin atom (acting as a Lewis acid). Bond formation and cleavage

occurs to yield the desired ester and the alcohol of the original ester group

(ethanol). The excess of 2,2-diphenylethanol ensures the reaction goes to

completion without the ethanol formed competing in the transesterification

reaction. 126

Compounds 6, 7 and 8 were all isolated by the concentration of the toluene

solvent and the addition of Et20 (in which the compounds are insoluble and the

alcohols are soluble). 6 was isolated as a colourless viscous oil following careful

decantation of the solvent mixture. 7 and 8 precipitated from the solvent mixture

and were collected by filtration as fine colourless solids.
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Compounds 6, 7 and 8 are soluble in DCM, CHCI3, thf and toluene and are

insoluble in hexane and Et20. Leigh et al have isolated the compounds from the

reaction mixture by column chromatography, the use of Et20 avoids this step and

gives the compounds pure and in good yields (ca. 80 %) as the 2,2-

diphenylethanol is Et20 soluble and the recrystallisation excludes the BDCBTO

catalyst.

6 and 7 are oxygen and moisture stable while 8 is sensitive to oxygen and slowly

deposits red selenium after being exposed to the atmosphere for a few days.

By directly comparing the Rf values for the compounds, it is again apparent that

when E=0 (6) the Rf is much lower, indicating a more polar compound than

when E=S or Se (compounds 7 and 8 respectively). These threads are less polar

than the ethyl esters 3-5.

The 'H NMR spectra of 6, 7 and 8 in CDCI3 are all satisfactory and similar

observations are seen to those that appear in the precursor compounds 3, 4 and 5;

the spectra of 7 and 8 appear identical compared to that of 6 while differences in

the chemical shift of the two amide protons Ha and Hc are observed. By

comparing the NMR spectra of 6 and 7 - Figure 2.4, in the spectrum for 6, Ha is

about 1 ppm to higher frequency in 6, and proton Elc is about 1.25 ppm higher

frequency in 6 compared to that of compounds 7 and 8 respectively. The

resonance signal for Ha appears as a quartet as its signal is split not only by the

adjacent CH2 protons but also by the 31P. The alkyl proton, Hb appears as a

doublet of doublets as its signal is split by the adjacent NH proton and by a 3J

coupling to jIP. The diphenyl phosphoramide aromatic protons are split into two

multiplets in the ratio of 2 : 3 (o protons : m and p protons). The aromatic protons

from the diphenylethyl moiety are a multiplet.
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Figure 2.3 'H NMR spectra of 6 and 7.

The NMR spectra of 6, 7 and 8 in CDCI3 are satisfactory and

similarities are seen by comparing the spectra of 3, 4 and 5. Upon close

examination of the aromatic region the aromatic carbon signals from the

diphenyl moiety can be extrapolated, as can the '"Vc-p coupling constants of the

phosphoramide moiety. As observed in the spectra for 3, 4 and 5 it can be seen

that the greater the electronegativity of E, the larger the magnitudes of the

aromatic *Jc-p coupling constants, with no notable differences of the 2AJc-p

values. Conversely the magnitudes of the aliphatic 3Jc-p constants decrease with

an increase of electronegativity on E. This is consistent with previously reported

data.124 No aliphatic 2Jc-p coupling is observed in compounds 6-8.

No notable differences in the 31P-{'H} NMR shifts in CDCI3 are observed with

respect to the starting ethyl esters.
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Table 2.4 displays selected IR data for compounds 6, 7 and 8. Upon formation of

the 2,2-diphenylethyl ester, the IR band of the V(c-o) ester single bond now

appears approximately 15 cm"1 lower than the corresponding ethyl ester band. In

the IR of 6, there is a broad band at 1187 cm"1, this is due to the combination of

the V(c-o) ester single bond and the V(p<» bond vibrations which usually appear in

this region.

Table 2.4 Selected IR data for compounds 6, 7 and 8.

IR (cm"1)
Compound V(PN-

H)

V(N-H)
amide

V(c=0)
ester

V(c=0)
amide

V(C-O)
ester

V(P-C) (N-H)
amide

H

Bonded

V(P=E)

6 3380 3059 1751 1676 - 1124 701 -

7 3369 3178 1759 1659 1197 1108 696 634

8 3371 3145 1759 1657 1197 1104 701 556

The FAB mass spectrum of 6 displays the parent ion as the base peak at m/z =

513 [M+H]T. The spectrum also shows a peak at 1025 [2M+H] +. Notable peaks

at m/z = 230 for the fragment [Ph2P(0)NHCH2]+, 201 for [Ph2P(0)]+ and 181 for

[Ph2C2H3]+ are also present. The FAB mass spectrum of 7 displays the parent ion

the base peak at m/z = 529 [M+H]+. Notable peaks at m/z = 217 for [Ph2P(S)]+

and 181 for [Ph2C2H3]+ are also present. The FAB mass spectrum of 8, displays

the parent ion at m/z = 577 for the fragment [M+2H]+, the base peak appears at

265 for [Ph2P(Se)]+. A notable peak also appears at m/z = 181 for [Ph2C2H3]+.

Common molecular fragmentation of 6, 7 and 8 appears to result in the molecular

ions [Ph2P(E)]+ and [Ph2C2H3]+. Interestingly when E=0 the molecular ion [2M]+

is observed in compounds 3 and 6, this molecular ion is not observed in the

compounds 4, 5, 7 and 8.
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Crystals of 7 and 8 suitable for X-Ray crystallography were obtained by layering

the NMR samples (CDCI3) with hexane and allowing slow diffusion of the

solvents. Figure 2.4 shows the X-Ray crystal structure of 7.

Figure 2.4 Crystal structure of 2,2 diphenylethyl A'-diphenylphosphmo
sulfide glycylglycinate 7.

In the solid-state compound 7 exists as a head to head hydrogen bonded dimer.

The amine proton N(5)-H(5N) hydrogen bonds intermolecularly to the oxygen

atom 0(4)#2 of the adjacent molecule with a distance of 1.93(3) A. A hydrogen

bond is also observed the amine proton N(2)-H(2N) to S(l)#l atom of the

adjacent molecule with a distance of 2.554 (11) A. 8 also exists as a head to head

hydrogen bonded dimer, this is mediated by a hydrogen bond from the amine

proton N(5)-H(5N) to the oxygen atom 0(4)#1 of the adjacent molecule with a

distance of 2.01(4) A. A hydrogen bond from the amine proton N(2)-H(2N) to

the Se(l)#2 atom of an adjacent molecule with a distance of 2.641(8) A is also

observed. Figure 2.5 displays the crystal structure of 8.
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Figure 2.5 Crystal structure of 2,2 diphenylethyl A-diphenylphosphino
selenide glycylglycinate 8.

Table 2.5 displays selected bond lengths and angles for 7 and 8.

Table 2.5 Selected bond lengths (A) and angles (°) for compounds 7 and 8.

7 8

P(l)-E(l) 1.949(17) 2.1054(15)
P(l)-N(2) 1.666(3) 1.655(4)
C(4)-0(4) 1.231(5) 1.233(5)
C(7)-0(7) 1.188(5) 1.181(7)
C(7)-0(8) 1.321(6) 1.317(7)
Pd)-C(ll) 1.814(4) 1.804(5)
P(l)-C(17) 1.801(4) 1.802(6)

N(2)-P(l)-E(l) 116.93(14) 116.91(16)

2.5 Rotaxination ofdumb-bell shaped components 7 and 8.

The rotaxination of the dumb-bell shaped components 7 and 8 to prepare the

corresponding rotaxanes 9 and 10 was achieved by following previously reported

methods by Leigh et al (Scheme 2.5).96'97 The corresponding [2] rotaxane from 6

has been obtained by Leigh and co-workers whilst this research was being

done.127
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CHCI3, 20 Equiv Et3N

10 Equiv, Isophthaloyl dichloride
10 Equiv, /j-xylylene diamine

Scheme 2.5 Rotaxination of threads 9 and 10.

Rotaxination is achieved by the slow addition of 50 cm3 chloroform solutions of

the macrocyclic components /?-xylylene diamine and isophthaloyl dichloride in

to a slowly stirring chloroform and triethylamine solution of the thread. The

solutions of macrocyclic components were added using motor driven syringe

pumps over 12 hrs with stirring continued for a further 4 hrs at room

temperature. As the reaction proceeds, precipitation of the by-product, the [2]

catenane is almost immediately observed.

Although Leigh et al, used 6 equivalents of macrocyclic components in the

rotaxination step, we have used 10 equivalents.100

The [2] rotaxanes 9 and 10 were isolated by column chromatography in yields of

18 and 20 % respectively. The reaction work up involved filtration of the

reaction mixture to remove the [2] catenane, concentration of the filtrate to ca. 10

cmJ and addition of thf to precipitate the Et3N.HCl. Filtration of the salt gives a
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solution of the thread, the [2] rotaxane and unreacted starting macrocyclic

components as seen from tic. The removal of the Et3N.HCl prior to

chromatography gives a solution that can easily be handled when concentrated

prior to column chromatography. Direct concentration of the chloroform solution

leads to precipitation from the solution yielding an unmanageable residue, which

is unsuitable for loading onto the column. Although Leigh et al had washed the

reaction mixture with water to remove the EtsN.HCl (in the work up of the

corresponding rotaxane for 6), this step was avoided in case of possible side

reactions between the water and the E=P bond.

By directly comparing the Rf values of the dumb-bell shaped components and the

corresponding rotaxanes (in 3 % MeOH in DCM) it is seen that the rotaxanes are

more polar than the threads. From the tic, the spot representing the [2] rotaxane is

extremely visible due to the rotaxane's highly aromatic rich structure compared

to the dumb-bell shaped component.

The rotaxanes are soluble in DCM, CHCI3 and thf and are insoluble in Et20 and

hexane. The rotaxanes are less soluble than their respective threads.

Rotaxane 9 is oxygen and moisture stable. 10 is sensitive to oxygen and slowly

deposited red selenium after being exposed to the air for a few days.

The ]H NMR spectra of 9 and 10 are satisfactory and almost identical.

Assignment of the macrocyclic protons is achieved by correlating with other

rotaxanes by Leigh.10 '108 By comparing the !H NMR spectra of the thread 8 and

the respective rotaxane 10 in CDCI3 - Figure 2.6, it can be seen that the protons

Ha, Hb and Ha of the thread appear to lower frequency in the rotaxane, this is

characteristic of such rotaxane systems as these protons are shielded by the

aromatic sheath of the macrocycle.97 This does not explain why proton FT
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appears at lppm to higher frequency, as it would also be expected to be under the

macrocyclic sheath. Hb now appears as a triplet in the rotaxane, whereas in the

thread it appeared as a multiplet. The signals for Ha, Hc and Hd all retain the same

splitting pattern in the rotaxane as they possessed in the thread.

The ^C-l'H} NMR spectra of the rotaxanes 9 and 10 in CDCI3 gave satisfactory

results. Upon comparison of the spectra of the rotaxanes and their precursive

threads 7 and 8 the chemical shifts of the macrocyclic carbons can be determined

(Table 2.6). This is made easier by the relative intensities of the carbon signals.

Table 2.6 Macrocyclic NMR shifts in rotaxanes 9 and 10.

13C-{'H} NMR 5:
9 10

Macrocyclic carbon

43.9 43.9 Benzylic C
124.9 124.9 Aromatic C
128.9 128.9 Aromatic C
129.4 129.4 Aromatic C
131.3 131.3 Aromatic C
134.4 134.4 Aromatic Ipso C
137.6 137.6 Aromatic Ipso C
166.9 166.8 OO of macrocycle

The bC-{'H} NMR data are consistent with data obtained from the [2]
Q/l

catenane.

The chemical shifts of the threads in the rotaxanes show no differences

"3 #

from the chemical shifts of the thread alone and although no Jc-p coupling is

observed with the C=0 of the dipeptide backbone it also appears at 1 ppm to

higher frequency in the rotaxanes.
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Figure 2.6 ]H NMR (CDC13) spectra of 8 (300 MHz)
and 10 (500 MHz).
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The 31P-{'H} NMR shifts of the rotaxanes 9 and 10 in CDCI3 are no different to

the chemical shifts of the dumb-bell shaped precursors, no difference is observed

in the magnitude of the lJp=sc coupling constant in 10, 759 Hz.

In the IR spectra of the rotaxanes the band associated with C=0 stretch of the

ester in the dumb-bell shaped component now appears 22 cm"1 lower in the

rotaxanes and is now of medium intensity and not strong (1737 cm"1 compared to

1759 cm"1), while the C-0 ester band shows no changes in frequency upon

rotaxination and still lies in the region 1197 cm"1, although with weaker intensity.

The C=0 amide bands appear lower by approximately 10 cm"1 in the rotaxane.

The bands responsible for the E=P bond show no significant change upon

rotaxination (634 to 632 cm"1 for 9 and 556 to 554 cm"1 for 10).

The FAB mass spectra of 9 and 10 display the parent ion [M]+ at m/z = 1060 and

1109 respectively. The next notable peak is that of the complete macrocycle at

m/z = 533 [M+H] \ Notable peaks also appear for the fragment [PH2P(E)]+ at m/z

= 217 and 265 for 9 and 10 respectively from the rupture of the P-N bond. A

peak responsible for the fragment [Ph2C2H3]^ at m/z = 181 is also common to

both the spectra. It is interesting to note that in the dipeptide rotaxane synthesised

by Leigh et al (Chapter 1, Section 1.4.4) fragmentation of the rotaxane occurs

across the macrocycle and not the dumb-bell shaped component despite its weak

ester linkage.97 In the case of compounds 9 and 10 fragmentation across the

dumb-bell shaped component is observed, which leads to the molecular ion of

the macrocycle as observed from the mass spectra.
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Crystals of 9 and 10 suitable for X-Ray diffraction were obtained by layering the

NMR samples (CDCI3) with hexane and allowing slow diffusion of the solvents.

Figure 2.7 shows the X-Ray crystal structure of 9. Interestingly it is seen that

hydrogen bonding of an amide proton from the macrocycle is to the sulfur atom

of the thread, likewise the same macrocyclic hydrogen bond is observed to the

selenium atom in rotaxane 10 (Figure 2.8). This was also the case with the

rotaxane obtained by Leigh et al from 6.127 These rotaxanes are the first

examples where a hydrogen bonding acceptor other than C=0 groups of an

amide have been used as a template for macrocyclization of Leigh's macrocycle

and lead to rotaxane formation.

127
It is notable that in the corresponding rotaxane from 6, the yield was 55 %, in

the rotaxanes 9 and 10 the yields are 18 and 20 % respectively. This can only be

attributed to the electronegativity and hence polarity of the E=P bond as noted

from the Rf values. Since the 0=P bond is very polar it offers a stronger

hydrogen bonding site for macrocyclization and hence a significantly greater

yield of rotaxane. The significantly lower Rf value of the S and Se analogues

results in a lower yield of the corresponding rotaxanes.

Presumably such polarity patterns are also responsible for the patterns observed

in the mass spectra of the precursors to the dumb-bell shaped components as

when E=0, the molecular ion [2M]+ is seen, indicating a strong hydrogen

bonding interaction between the molecules even in such harsh conditions as mass

spectrometry. These polarity observations must ultimately account for the high

yield of the 0=P rotaxane by Leigh et al.
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Figure 2.7 Crystal structure of [2] rotaxane 9.

Within the rotaxane super-structure intramolecular hydrogen bonding is observed

from the macrocyclic amide proton to the sulfur of the dumb-bell shaped

backbone N(2)-H(2A)...S(37) with distance of 2.41(3) A and an angle of 169(10)

°, and from the macrocyclic amide proton to an oxygen of the dipeptide backbone

N(20)-H(20A)...0(40) with a distance of 2.20(4) A and an angle of 152(8) °,

intramolecular hydrogen bonding is also observed from another macrocyclic

amide proton to this oxygen N(29)-H(29A)...O(40) with a distance of 2.084(10)

A and an angle of 179(7) \ The fourth amide proton of the macrocycle is not

hydrogen bonded to the dumb-bell shaped backbone but is intermolecularly

hydrogen bonded to an oxygen atom N(11)-H(11A)...0(3)#1 of an adjacent

rotaxane macrocycle with a distance of 2.944(9) A and an angle of 175(6) °. The

macrocycle has a bowl like conformation and not the 'preferred' chair-like
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conformation.97 This bowl type conformation has not previously been reported in

rotaxane systems by Leigh et al and is possibly a result of the distances between

the E=P and C=0 groups that offer hydrogen bonding sites to the macrocyclic

amide protons and a result of the combination of inter and intra molecular

hydrogen bonding within the rotaxane super - structure.

Figure 2.8 displays the X-Ray crystal structure of 10.

Figure 2.8 Crystal structure of [2] rotaxane 10.

The X-Ray crystal data reveal similar hydrogen bonding motifs as observed in

rotaxane 9. Within the rotaxane intramolecular hydrogen bonding is observed

from the macrocyclic amide proton to the selenium atom of the dumb-bell shaped

backbone N(2)-H(2A)...Se(37), 2.539(1) A with an angle of 153.7(1) 0 and from
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the macrocyclic amide proton to an oxygen of the dipeptide backbone N(20)-

H(20A)...0(40), 2.10(1) A with an angle 173.0(1)°, intramolecular hydrogen

bonding is also observed from another macrocyclic amide proton to this oxygen

N(29)-H(29A)...O(40) with a distance of 2.13(1) A and an angle of 168.9(1) °.

The fourth amide proton of the macrocycle is not hydrogen bonded to the dumb¬

bell shaped backbone but is intermolecularly hydrogen bonded to an oxygen

atom N(11)-H(11 A)...0(3)#l of an adjacent rotaxane macrocycle with a distance

of 2.03(1) A and angle of 161.5(1)0 °. Again the macrocycle has a bowl like

conformation and not the 'preferred' chair-like conformation.

2.6 Synthesis ofN-diphenoxyphosphinyl amides ofgly-gly ethyl ester.

As the A-diphenylphosphinyl stoppered dipeptide rotaxanes were successfully

prepared, attempts were made to synthesise the corresponding N-

diphenoxyphosphinyl stoppered dipeptide rotaxanes using analogous methods by

reacting diphenyl phosphorochloridate with glycylglycine ethyl ester to form the

dumb-bell shaped precursor 11 (Scheme 2.6).

Scheme 2.6 Synthesis ofN-diphenoxyphosphinyl terminated dipeptide ester.

The synthesis of 11 was performed by the slow addition of a thf solution of the

diphenyl phosphorochloridate to a thf and triethylamine suspension of

glycylglycine ethyl ester hydrochloride.
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Slow addition of the chlorophosphine ensures that formation of the mono

phosphoramide occurs, the reaction was monitored by 3iP-{'H} NMR in the

reaction solvent using D6-benzene inserts.

As the reaction proceeded EtsN.HCl precipitated from the thf solution as the P-N

bond was formed. Filtration of the hydrochloride salt and concentration of the

reaction solvent gave the crude product. 11 was purified by column

chromatography and slow evaporation of the solvent gave 11 as a clear

colourless crystalline solid in 83 % yield.

The compound is highly soluble in DCM, CHCI3, thf and toluene and insoluble

in hexane and Et20.

Upon exposure to moisture for a few days 11 began to give a phenolic odour

indicating decomposition to phenol and presumably a phosphoric acid derivative

of the dipeptide.

The 'if NMR (CDCI3) spectrum for 11 is shown in Figure 2.9.

JWL
I I I ! I I I I I I I 1 1 I I I I I I I I 1 1 | 1 i 1 1 1 1 11 , , ■ ■ ■ ■ , 1 1 1 1 I 1

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2 5 2.0 1.5 1.0

Figure 2.9 'H NMR spectrum of 11.
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In compound 11 the proton signal Ha appears as a multiplet as its signal is split

not only by the adjacent amine proton but also by the adjacent 3IP, this was seen

in the analogous ethyl esters 3, 4 and 5. Likewise the signal for Hb appears as a

doublet of doublets as it is not only split by the adjacent NH proton, but also by a

jlP coupling. The diphenoxy aromatic protons are split into two multiplets in the

ratio of 3 : 2 in the region 7.13 - 7.36 ppm. These multiplets are significantly

closer together than the aromatic multiplets that appeared in the phenyl P-N

bonded systems.

The NMR spectrum of 11 in CDCI3 is satisfactory and the chemical

shifts are displayed in Table 2.7.

Table 2.7 13C-{'H} NMR shifts in 11.

0 H ? 15
N N och2ch3

1 - H T ° f
0 c 0

|

6
b 44.6
d 41.1
e 61.5
f 14.1

Aromatic
120.2 (J=5 Hz)
125.2 (J = 1 Hz)
129.8 (J = 1 Hz)

150.4 (VC-p = 7.0 Hz)
C=0 169.5

169.7 (3JC-p = 7 Hz)

An aliphatic Jc-p coupling is observed with the carbonyl of the dipeptide

backbone.
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Upon P-N bond formation the 31P-{'H} NMR shift (CDCI3) moves to high

frequency from - 4.0 to 0.6 ppm.

The IR spectrum of 11 shows characteristic bands for such a structure of which a

selection of data is shown in Table 2.8.

Table 2.8 Selected IR data (cm"1) for 11.

V(N-H)
amide)

V(PN-H V(c=0)
ester

V(C=0)
amide

V(P-O) V(C-O)
ester

V(C-O)
Phenol

V(P=0) V(P-O)

3114 3070 1744 1673 1273 1230 1210 1190 940

The EI mass spectrum gave satisfactory results. With the parent ion [M+H]+ at

mJz = 393. Notable peaks appeared at m/z = 299 for the fragment [M-PhO]+ and

m/z = 316 for the fragment [M-Ph+H]+.

Crystals suitable for X-Ray crystallography were obtained by slow evaporation

of the solvent following column chromatography. The crystal structure of 11 can

be seen in Figure 2.10.

Intermolecular hydrogen bonding giving rise to head to tail molecular orientation

is observed. This is from the amine proton N(2)-H(2N) to 0(4)#1 on the adjacent

molecule with a separation of 2.069(14) A. Also form the amine proton N(5)-

H(5N) to the oxygen 0(1 )#2 on another adjacent molecule with a separation of

1.902(10) A. Figure 2.11 shows the hydrogen bonded molecules.
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Figure 2.10 Crystal structure of 11.

Selected bond lengths and angles for 11 are given in Table 2.9.

Table 2.9 Selected bond lengths (A) and angles (°) for compound 11.

0(11)-C(11) 1.421(5)
0(17)-C(17) 1.412(4)
PO)-O(ll) 1.587(3)
P(l)-0(17) 1.588(3)
P(l)-0(1) 1.451(3)
P(l)-N(2) 1.617(3)
C(4)-0(4) 1.226(4)
C(7)-0(8) 1.295(5)

0( 1 )-P( 1 )-0( 11) 116.55(16)
0( 1 )-P( 1 )-0( 17) 108.35(16)
0(1)-P(1)-N(2) 113.61(16)
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Figure 2.11 Head to tail molecular arrangements in 11.

Attempts to transesterify 11 with 2,2-diphenylethanol under the same reaction

conditions as Scheme 2.3 proved unsuccessful. Interestingly transesterification of

the PhO groups with the 2,2-diphenylethyl group occurred. This was observed

from the 'H NMR (CDCI3) spectrum of the product from the reaction and noted

from the very strong phenolic odour of the reaction mixture. The

transesterification reaction of 11 was abandoned.
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2.7 Conclusions.

The [2] rotaxanes 9 and 10 (along with the corresponding rotaxane from 6)

clearly demonstrate that groups other than amides can be used to prevent

macrocyclic extrusion from the dumb-bell shaped component.

These phosphoramide groups are not only carbonyl-amide free but also they are

oxygen free (9 and 10) and display the fact that soft hydrogen bonding atoms

such as sulfur and selenium can offer hydrogen bonding sites to the macrocycle

in the solid state.

The chalcogenides (O, S and Se) offer hydrogen-bonding sites that allow

macrocyclization, and the polarity of these hydrogen-bonding sites is related to

the yields of the corresponding rotaxanes. (see section 2.5)

The mechanism of macrocyclization around the chalcogenide and amide centres

will presumably be analogous to the proposed mechanism for that of the

dipeptide rotaxanes by Leigh et al. (see Chapter 1 Section 1.4.4, Scheme 1.17).

These [2] rotaxanes are the first whereby an inorganic - organic template has

been introduced from modifying an initially organic synthetic route to synthesize

rotaxanes by taking advantage of the hydrogen bonding ability of phosphorus

chalcogenides.

Transesterification of phosphoryl esters group occurs with the transesterification

catalyst bis-dichlorobutyl tin oxide and alcohol and not the carboxylate ester.
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2.8 Experimental.

Diphenvl-phosphinothioic acid chloride. 1

To a stirring solution of chlorodiphenylphosphine (4.0 cm3, 4.92 g, 22.28 mmol)

in thf (20 cnT), elemental sulfur (0.713 g, 22.28 mmol) was added. The yellow

suspension was refluxed for 1 hr. The resulting solution was filtered through

Celite before the solvent was removed in vacuo to give a clear, colourless oil.

Yield 5.52 g (98 %); 31P-{H} NMR (CDC13): 5 79.4 ppm.

Diphenyl-phosphinoselenoic acid chloride. 2

To a stirring solution of chlorodiphenylphosphine (5.0 cm3, 6.15 g, 27.85 mmol)
•3

in thf (30 cm ), selenium powder (2.26 g, 28.6 mmol) was added. The dark

suspension was refluxed for 1 hr. The resulting mixture was filtered through

Celite before the solvent was removed in vacuo to give a clear, colourless oil.

Yield-8.34 g (100 %); 31P-{H} NMR (CDCI3): 5 70.3 ppm, '^se = 869 Hz.
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Ethyl vV-diphenylphosphinyl glycylglycinate. 3

To a stirring suspension of glycylglycine ethyl ester hydrochloride (2.0 g, 10.17

mmol) in thf (100 cm3) was added Et3N (2.9 cnT, 2.1 g, 20.8 mmol). To this

suspension, a solution of diphenylphosphinic acid chloride (1.93 cmJ, 2.4 g,

10.14 mmol) in thf (50 cm3) was added over 30 mins at room temperature. The

solution was stirred for a further 2 hrs. The colourless precipitate was filtered

through Celite and the filtrate evaporated in vacuo before the compound was

obtained after column chromatography (4 % EtOH in DCM) to give the desired

compound as a waxy colourless solid. Yield: 2.81 g (77 %); Rf (4 % EtOH in

DCM): 19 %; 'H NMR (CDC13) 5: 1.22 (t, 3JH-h = 7 Hz, 3H, Hf), 3.61 (dd, 2H,

Hb), 3.96 (d, 3Jh-h = 6 Hz, 2H, Hd), 4.12 (q, 3Jh-h = 7 Hz, 2H, He), 4.34 (br q, 1H,

Ha), 7.36 - 7.52 (m, 6H, Ar H), 7.76 - 7.88 (m, 4H, Ar H), 8.26 (t, 3Jh-h = 6 Hz,

1H, Hc); 13C-{'H} NMR (CDC13) 5: 14.1 (CH3, Cf), 41.3 (CH2, Cd), 44.4 (d, 2JC-p
= 1 Hz, CH2, Cb), 61.2 (-OCH2, Ce), 128.6 (d, 3Jc-p = 13 Hz), 131.0 (d, lJC-p =

130 Hz), 131.9 (d, Vc-p = 10 Hz) 132.1 (d, 4JC.P = 3 Hz), 169.6 (C=0), 170.9 (d,

3JC-p ^ 5 Hz, CO); 31P-{'H} NMR (CDC13): § 26.5 ppm; FTIR (KBr disk):

3381m, 3225s, 3062m, 2984w, 2932vw, 291 lvw, 1748vs, 1715vs, 1678vs,

1639m 1551m 148 lvw, 1442s, 1417m, 1376m, 1356w, 1297vw, 1253m, 1210s,

1187vs, 1123s, 1072w, 1030m, 997w 906w, 875m, 756w, 727s, 701s, 552m

528m, 445vw; Acc mass calculated for C]gH2iN204P 361.1317 [M+H]+,
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measured 361.1312 [M+H]+; Microanalysis expected for C18H21N2O4P C: 60.00,

H: 5.87, N: 7.77 measured C: 59.60, H: 6.04, N: 7.68;

Ethyl iV'-diphenylphosphino sulfide glycylglycinate. 4

To a stirring suspension of glycylglycine ethyl ester hydrochloride (3.89 g, 19.8

mmol) in thf (100 cm3) was added Et2N (5.52 cm3, 4.0 g, 39.7 mmol). To this

suspension, a solution of diphenyl-phosphinothioic acid chloride (5 g, 19.8

mmol) in thf (50 cm3) was added over 30 mins at room temperature. The solution

was stirred for a further 2 hrs. The colourless precipitate formed was filtered

through Celite and the solvent removed in vacuo to give a pale yellow solid. This

was recrystallised from DCM and hexane to give a fine colourless powder that

was collected by filtration and dried in vacuo. Yield 5.79 g (77 %); mp = 102 °C;

Rf (4 % EtOH in DCM): 33 %; ]H NMR (CDC13) 5: 1.28 (t, 3JH-h = 7 Hz, 3H,

Hf), 3.52 (br q, 1H, Ha), 3.68 (dd, 2H, Hb) 4.0 (d, 3JH-h = 5 Hz, 2H, Hd), 4.2 (q,

Vh-h = 7 Hz, 2H, He), 6.92 (t, 3JH-h = 5 Hz, 1H, Hc) 7.4 - 7.52 (m, 6H, Ar H),

7.88 - 8.0 (m, 4H, Ar H); '^-{'H} NMR (CDC13) 6: 14.0 (CH3, Cf), 41.3 (CH2,

Cd), 44.0 (CH2, Cb), 61.5 (-OCH2, Ce), 128.7 (d, 3JC-p = 13 Hz), 131.6 (d, 2JC.P =

11 Hz) 132.0 (d, Vc-p = 3 Hz), 133.5 (d, 'Jc-p = 103 Hz), 169.7 (C=0), 170.3 (d,

Vc-p = 9 Hz, C=0); 3!P-{'H} NMR (CDCI3): 5 61.6 ppm; FTIR (KBr disk):

3362m, 3181m, 3020vw, 2985w, 2910w, 1755s, 1655s, 1534m, 1480vw, 1438w,
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1414w, 1374w, 1350vw, 1210s, 1107s, 1082m, 1026w 997vw, 866m, 759m,

718m, 699m, 631m, 613w, 567w, 525w, 508w, 476w.; FAB +ve MS: m/z 377

[M+H]+; Microanalysis expected for C18H21N2O3PS C: 57.44, H: 5.62, N: 7.44

measured C: 57.43, H: 5.59, N: 7.00; Crystals suitable for X-Ray crystallography

were obtained by layering a CDCI3 solution of the compound with hexane.

Ethvl A-diphenvlphosphino selenide glvcvlglvcinate. 5

To a stirring suspension of glycylglycine ethyl ester hydrochloride (4.81 g, 24.47

mmol) in thf (100 cm3) was added Et3N (6.97 cm3, 9.6 g, 50 mmol). To this

suspension, a solution of diphenyl-phosphinoselenoic acid chloride (7.34 g, 24.5

mmol) in thf (50 cm3) was added over 30 mins at room temperature. The solution

was stirred for a further 2 hrs. The colourless precipitate formed was filtered

through Celite and the solvent removed in vacuo to give a light-yellow solid.

This was recrystallised from DCM and hexane to give a fine colourless powder

that was collected by filtration and dried in vacuo. Yield 8.4 g (81 %); mp =115

°C; Rf (4 % EtOH in DCM): 38 %; !H NMR (CDC13) 5: 1.28 (t, 3JH-h = 7 Hz, 3H,

Hf), 3.44 (br q, 1H, Ha), 3.70 (dd, 2H, Hb), 4.0 (d, 3JH-h = 5 Hz, 2H, Hd), 4.2 (q,

Vh-h = 7 Hz, 2H, He), 6.72 (br t, 3JH-h = 5 Hz, 1 H, Hc), 7.4 - 7.56 (m, 6H, Ar H),

7.88 - 8.0 (m, 4H, Ar H); 13C-{!H} NMR (CDC13) 5: 14.0 (CH3, Cf) 41.3 (CH2,

Cd) 44.8 (CH2, Cb), 61.6 (-OCH2-, Ce), 128.6 (d, 3JC-p = 13 Hz), 131.7 (d, 2JC-p =

12 Hz) 132.1 (d, Vc-p = 3 Hz), 133.2 (d, XJC.p= 92 Hz), 169.7 (C=0), 169.9 (d,
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3Jc-p = 9 Hz, C=0); 31P-{'H} NMR (CDC13): 5 59.5 ppm, 1Jp=Se = 759 Hz; FTIR

(KBr disk): 3363s, 3163m, 3059w, 2984w, 2908w, 1755vs, 1655vs, 1533s,

1481m, 1438m, 1430m, 1413m, 1350m, 1315w, 1294w, 1210s, 1102s, 1083s,

1026m, 997m, 865m, 744m, 758m, 716m, 698s, 639w, 555s, 520w, 503m, 469w;

FAB +ve MS: m/z 424 [M+H]; Microanalysis expected for Ci8H2iN2C>3PSe C:

51.07, H: 5.0, N: 6.62 measured C: 50.63, H: 5.31, N: 6.25; Crystals suitable for

X-Ray crystallography were obtained by layering a CDCI3 solution of the

compound with hexane.

2.2-diphenylethvl rV-diphenylphosphinyl glycylglycinate. 6

The solids ethyl A-diphenylphosphinyl glycylglycinate (0.90 g, 2.5 mmol), 2,2-

diphenylethanol (0.99 g, 5.0 mmol) and BDCBTO (0.28 g, 0.5 mmol) were

refluxed with stirring in toluene (75 cm3) for 36 hrs. The reaction mixture was

concentrated to ca. 3 cm3 and Et30 (100 cm3) added to give a viscous colourless

oil. The ether was decanted and the oil was washed with Et20 (2 x 50 cm ). The

oil was then taken into 50 cmJ of DCM and washed with water (3 x 20 cm3)

before being dried over MgSO.4. The mixture was filtered and the solvent

removed in vacuo to give 6 as a viscous, colourless oil. Yield 1.07 g (84 %); Rf

(3 % MeOH in DCM): 38 %; *H NMR (CDC13) 5: 3.66 (dd, 2H, Hb), 4.02 (d, 3JH-

H = 6 Hz, 2H, Hd), 4.12 (q, 1H, Ha), 4.46 (t, 3JH-h = 8 Hz, 1H, Hf), 4.76 (d, 3JH-h =
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8 Hz, 2H, He), 7.28 - 7.42 (m, 10H, Ar H), 7.5 - 7.64 (m, 6H, Ar H), 7.9 - 8 (m,

4H, Ar H), 8.32 (t, 3JH-h = 6 Hz, 1H, Hc); 6: 13C-{!H} NMR (CDC13) 5: 41.3

(CH2, Cd), 44.5 (CH2, Cb), 49.6 (CH, Cf), 67.16 (-OCH2-, Ce) 126.73 28.0 128.5

(Ar C), 128.6 (d, VC-p = 13 Hz), 130.9 (d, 'jC-p = 130 Hz), 131.9 (d, 2JC.P = 10

Hz), 132.2 (d, Vc-p = 3 Hz), 140.7 (Ar C), 169.5 (C=0), 170.9 (d, VC-p = 4 Hz,

C=0); 31P-{'H} NMR (CDC13): 5 27.4 ppm; FTIR (KBr disk): 3379m br,

3059m, 2922m br, 1751s, 1676s, 1542m, 1493m, 1438m, 1361w, 1187vs br,

1124s, 1028m, 997m, 867w, 754m,728s, 697vs, 522m cm"1; Acc mass calculated

for C3oH29N2C>4P 513.1943 [M+H], measured 513.1946 [M+H]; Microanalysis

expected for C3oH29N204P C: 70.3, H: 5.7, N: 5.47 measured C: 68.48, H: 5.32,

N: 5.21.

2.2-diphenylethyl A-diphenylphosphino sulfide glycylglycinate. 7

The solids ethyl TV-diphenylphosphino sulfide glycylglycinate (0.75 g, 1.99

mmol), 2,2-diphenylethanol (0.79 g, 3.98 mmol) and BDCBTO (0.22 g, 0.398

mmol) were refluxed with stirring in toluene (75 cm3) for 36 hrs. The reaction

mixture was concentrated to ca. 3 cm and Et20 (100 cm ) added to precipitate a

colourless solid. This was collected by filtration, washed with a further 50 cm3

Et20 and then recrystallised from DCM and hexane to give the desired
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compound as a fine colourless powder. Yield 0.794 g (75 %); mp = 123 - 124 °C;

Rf (3 % MeOH in DCM): 56 %; [H NMR (CDC13) 6: 3.22 (br q, 1H, Ha), 3.62

(dd, 2H, Hb), 3.94 (d, 3Jh.h = 5 Hz, 2H, Hd), 4.36 (t, 3JH-h = 8 Hz, 1H, Hf), 4.7 (d,

3Jh-h = 8 Hz, 2H, He), 6.73 (br t, 3YH-h = 5 Hz, 1H, Hc), 7.18-7.32 (m, 10H, Ar

H), 7.4-7.58 (m, 6H, Ar H), 7.88-8.0 (m, 4H Ar H); I3C-{'H} NMR (CDC13) 6:

41.3 (CH2, Cd), 44.2 (CH2, Cb), 49.7 (CH, Cf), 67.5 (-OCH2-, Ce), 126.9 128.1

128.6 (Ar C), 128.6 (d, 3JC-p = 13 Hz), 131.5 (d, 2JC-p = 11 Hz), 132 (d, VC.P = 3

Hz), 133.3 (d, 'Jc-p = 102 Hz), 140.6 (Ar C), 169.3 (C=0), 170.0 (d, 3JC-p = 8 Hz,

C=0); 31P-{'H} NMR (CDC13): 6 61.5 ppm; FTIR (KBr disk): 3369m, 3178w,

1758vs, 1659vs, 1535m, 1495w, 1438m, 1390vw, 1363w, 1197s, 1109m, 1029w,

998w, 870w, 720s, 695s, 634m, 510w, 479w cm"1; Acc mass calculated for

C30H29N2O3PS 529.1715 [M+H], measured 529.1714 [M+H]; Microanalysis

expected for C3oH29N203PS C: 68.16, H: 5.53, N: 5.30 measured C: 68.48, H:

5.32, N: 5.21; Crystals suitable for X-Ray crystallography were obtained by

layering a CDC13 solution of the compound with hexane.

2.2-diphenylethyl N-diphenylphoshpino selenide glycylglycinate. 8

The solids ethyl A-diphenylphosphino selenide glycylglycinate (0.8 g, 1.89

mmol), 2,2-diphenylethanol (0.75 g, 3.78 mmol) and BDCBTO (0.21 g, 0.38

mmol) were refluxed with stirring in toluene (75 cmJ) for 36 hrs. The reaction
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mixture was concentrated to ca. 3 cmJ and Et20 (100 cmJ) added to precipitate a

colourless solid. This was collected by filtration, washed with a further 50 cm3

Et20 and then recrystallised from DCM and hexane to give the desired

compound as a fine colourless powder. Yield 0.92 g (85 %); mp =121 °C; Rf (3

% MeOH in DCM): 60 %; 'H NMR (CDC13) 5: 3.25 (br q, 1H, Ha), 3.63 (dd, 2H,

Hb), 3.92 (d, 3Jh-h = 5 Hz, 2H, Hd), 4.36 (t, 3Jh-h = 8 Hz, 1H, Hf), 4.69 (d, 3Jh-h =

8 Hz, 2H, He), 6.58 (br t, 3Th-h = 5 Hz, 1H, Hc), 7.16-7.32 (m, 10H, Ar H), 7.4-

7.52 (m, 6H, Ar H), 7.88-8.0 (m, 4H Ar H); ^C-l'H} NMR (CDC13) 6: 41.3

(CH2, Cd) 44.8 (CH2, Cb), 49.7 (CH, Cf), 67.5 (-OCH2-, Ce), 127.0 128.2 (Ar C),

128.7 (d, Vc-p = 13 Hz), 128.7 (Ar C), 131.8 (d, 2Jc-p = 12 Hz), 132.2 (d, VC-p =

3 Hz), 133.2 (d, 'jC-p = 92 Hz), 140.7 (Ar C), 169.4 (C=0), 169.9 (d, 3JC-p = 9

Hz, C=0); 31P-{'H} NMR (CDC13) §: 59.6 ppm ('jp=se = 759 Hz); FTIR (KBr

disk): 3371m, 3145w, 3058w, 3027vw, 1759vs, 1657vs, 1534s, 1494m, 1451w,

1389w, 1362w, 1197vs, 1104s, 1029w, 997w, 865vw, 748m, 700vs, 620w, 555s,

505m cm"1; Acc mass calculated for C3oH29N203PSe 577.1159 [M+H], measured

577.1169 [M+H]; Microanalysis expected for C3oH29N203PSe C: 62.61, H: 5.08,

N: 4.87 measured C: 62.44, H: 5.18, N: 4.86; Crystals suitable for X-Ray

crystallography were obtained by layering a CDC13 solution of the compound

with hexane.
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Rotaxane of 2,2-diphenylethyl A-diphenylphoshino sulfide glycylglvcinate. 9

To a slowly stirring solution of 2,2-diphenylethyl TV-diphenylphoshino sulfide

glycylglycinate (0.65 g, 1.23 mmol) in CHCI3 (100 cm3) and EtsN (3.43 cm3,

24.6 mmol) was added two separate solutions of />-xylylene diamine (1.67 g,

12.29 mmol) in CHCI3 (50 cm3) and isophthaloyl dichloride (2.49 g, 12.29

mmol) in CHCI3 (50 cm3) over 12 hrs using motor driven syringes at room

temperature. The solution was stirred for a further 4 hrs then the colourless

precipitate filtered. The filtrate was concentrated to ca. 10 cm3, thf (200 cmJ) was

then added and the resulting colourless precipitate formed was filtered off. The

filtrate was then concentrated under reduced pressure then separated by column

chromatography (3 % MeOH in DCM) to give the desired compound as a fine

colourless powder. Yield 230 mg (18 %); mp = 145°C; Rf (3 % MeOH in DCM):

0.18; 'H NMR (CDCI3): 1.16 (t, 3JH-h = 7 Hz, 1H, Ha), 2.51 (t, 3JH-h = 7 Hz, 2H,

Hb), 3.45 (m, 2H, Hd), 4.28 (t, 3JH-h = 8 Hz, 1H, Hf), 4.38 (m, 8H, He), 4.59 (d,

Vh-h = 8 Hz, 2H, He), 6.73 (s, 8H, HF), 7.05 (t, 3JH-h = 5 Hz, 1H, Hc), 7.12 - 7.20

(m, 6H, Ar H), 7.22 - 7.27 (m, 4H, Ar H), 7.30 (d t, 3JH-h = 8 Hz, 4H, HD), 7.44
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(t, 3Jh.h = 7 Hz, 2H, Ha), 7.49 - 7.64 (m, 10H, Ar H), 8.17 (d, 3JH-h = 7 Hz, 4H,

Hb), 8.36 (s, 2H, He); i3C-{'H} NMR (CDC13) 5: 41.4 (CH2, Cd) 43.7 (CH2, Cb),

43.9 (CH2, Ce) 49.7 (CH, Cf), 67.7 (CH2, Ce), 124.9 (Ar C on macrocycle), 127.1

128.1 (Ar C's), 128.7 (d, VC-p = 13 Hz) 128.8 (Ar C), 128.9 129.4 131.3 (Ar C

on macrocycle), 131.4 (d, Vc-p = 11 Hz), 132.3 (d, 'jC-p = 103 Hz), 132.4 (d, VC-

p = 3 Hz), 134.4 137.6 (Ar C on macrocycle), 140.6 (Ar C), 166.9 (C=0 of

macrocycle), 169.2 171.2 (CO); 31P-{'H} NMR (CDC13) 5: 60.8 ppm; FTIR

(KBr disk): 3350vbr, 3056m, 3027m, 1743m, 1647vs, 1530s, 1470m, 1438m,

1361w, 1301w, 1270w, 1198m, 1107w, 1030vw, 951vw, 910vw, 852w, 817w,

720m, 697m, 632m, 614m, 478m; FAB +ve MS: m/z 1061.37 [M+H];

Microanalysis expected for C62H57N607PS C: 70.16, H: 5.42, N: 7.93 measured

C: 69.92, H: 5.59, N: 7.46; Crystals suitable for X-Ray crystallography were

obtained by layering a CDCI3 solution of the compound with hexane.
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To a slowly stirring solution of 2,2-diphenylethyl iV-diphenylphosphino selenide

glycylglycinate (0.75 g, 1.30 mmol) in CHCI3 (100 cm3) and Et3N (3.63 cm3,

26.06 mmol) was added two separate solutions of /?-xylylene diamine (1.77 g,

13.03 mmol) in CHCI3 (50 cm3) and isophthaloyl dichloride (2.65 g, 12.29mmol)

in CHCI3 (50 cm ) over 12 hrs using motor driven syringes at room temperature.

The stirring was continued for a further 4 hrs then the colourless precipitate

filtered. The filtrate was concentrated to ca 10 cm . thf (200 cm ) was then added

and the resulting colourless precipitate formed was filtered off. The filtrate was

then concentrated under reduced pressure then separated by column

chromatography (3 % MeOH in DCM) to give the desired compound as a fine

colourless solid. Yield 286 mg (20 %); mp = 128 °C; Rf (3 % MeOH in DCM):

0.22; 'H NMR (CDC13) 5: 1.17 (m, 1H, Ha), 2.45 (t, 3JH-h = 7 Hz, 2H, Hb), 3.42

(d, 3Jh-h = 5 Hz, 2H, Hd), 4.27 (t, Vh-h = 8 Hz, 1H, Hf), 4.42 (m, 8H, He), 4.57

(d, 3JH-h = 8 Hz, 2H, He), 6.74 (s, 8H, HF), 7.04 (t, 3JH-h = 5 Hz, 1H, Hc), 7.11 -

7.20 (m, 6H, Ar H), 7.22 - 7.27 (m, 4H, Ar H), 7.30 (d t, 3Jh-h = 8 Hz, 4H, HD),

7.44 (t, 3Th-h = 8 Hz, 2H, Ha), 7.46 - 7.51 (m, 4H, Ar H), 7.53 - 7.61 (m, 6H, Ar

H), 8.16 (d, 3Jh-h = 8 Hz, 4H, HB), 8.33 (s, 2H, Hc); l3C-{lH} NMR (CDC13) 6:

41.3 (CH2, Cd), 43.9 (CH2, Ce), 44.7 (CH2, Cb), 49.7 (CH, Cf), 67.8 (CH2, Ce),

124.9 (Ar C of macrocycle), 127.2 128.1 (Ar C) 128.7 (d, 3Jc-p = 13 Hz), 128.8

(Ar C), 128.9 129.4 131.3 (Ar C of macrocycle), 131.7 (d, 2Jc-p = 11 Hz), 132

('Jc-p = 94 Hz), 132.5 (d, VC-p = 3 Hz), 134.4 137.7 (Ar C of macrocycle) 140.6

(Ar C), 166.9 (C=0 of macrocycle), 169.3 170.7 (C=0); 31P-{'H} NMR

(CDCI3): 5 60.3 ppm (1yP=Se = 759 Hz); FTIR (KBr disk): 3499m br, 3403m br,

3369m br, 3303m br, 3056m, 2922m, 1738m, 1646vs, 1528s, 1478m, 1437m,

1361m, 1304m, 1270m, 1235m, 1270m, 1235m, 1200m, 1127w, 1101m, 1030w,
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981w, 910vw, 852w, 817w, 754m, 697m, 604m, 554m, 480m; FAB +ve MS:

m/z 1109.3 [M+H]; Microanalysis expected for Ce^HsyNgCbPSe C: 67.13, H:

5.18, N: 7.56, measured C: 66.45, H: 5.51, N: 7.22; Crystals suitable for X-Ray

crystallography were obtained by layering a CDCI3 solution of the compound

with hexane.

A'-diphenoxyphosphinvl glycylglycinate. 11

To a stirring suspension of glycylglycine ethyl ester hydrochloride (0.95 g, 4.83

mmol) in thf (100 cmJ) was added Et2N (1.35 cm3, 0.978 g, 9.67mmol). To this

suspension, a solution of diphenyl phosphochloridate (1 cm3, 1.29 g, 4.83 mmol)

in thf (50 cm3) was added over 30 mins at room temperature. The solution was

stirred for a further 2 hrs. The colourless precipitate was filtered through Celite

and the filtrate evaporated in vacuo before the desired product was obtained after

column chromatography (7 % EtOH in DCM). Yield 1.54 g (83 %); Rf (7 %

EtOH in DCM): 37 %; !H NMR (CDCI3) 5: 1.24 (t, 3JH-h = 7 Hz, 3H, Hf), 3.77

(dd, 3JH-h = 7 Hz, 2H, Hb), 3.86 (d, 3JH-h = 6 Hz, 2H, Hd), 4.15 (q, 3JH-h - 7 Hz,

2H, He), 4.51 (m, 1H, Ha), 6.99 (br t, 3JH-h = 6 Hz, 1H, Hc), 7.13 - 7.36 (m, 10H,

Ar H); ^C-l'H} NMR (CDC13) 5: 14.1 (CH3, Cf) 41.1 (CH2, Cd), 44.6 (CH2, Cb),

61.5 (-OCH2-, Ce), 120.2 (d, J= 5 Hz), 125.2 (d, J= 1 Hz), 129.8 (d, J= 1 Hz),
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150.4 (d, 2JC.P = 7.0 Hz), 169.5 (C=0), 169.7 (d, 3JC-P - 7 Hz, C=0); 31P-{'H}

NMR (CDCI3): 5 0.55 ppm; FTIR (KBr disk): 3261s, 3114m, 3070m, 2980w,

2992w, 2839vw, 1951w, 1874w, 1744vs, 1674vs, 1588vs, 1487vs, 1415s,

1396m, 1378m, 1360m, 1335m, 1274vs, 1230vs, 1210vs, 1164vs, 1139vs,

1032m, 1009m, 958s, 940vs, 907m, 859w, 832vw, 779s, 771s, 754m, 726m,

693s, 613m, 586m, 569w, 528s, 506s, 481m, 456w, 416w; FAB +ve MS: m/z

393.1 [M+H]; Microanalysis expected for C18H21N2O6P C: 55.10, H: 5.39, N:

7.14 measured C: 55.39, H: 5.15, N: 7.10; Crystals suitable for X-Ray

crystallography were obtained by slow evaporation of the solvent, 7 % EtOH in

DCM from a solution of the compound.
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Chapter 3

The synthesis of (amide free) rotaxanes with

diphosphine dichalcogenide threads

3.1 Introduction.

In Chapter 2 the synthesis of [2] rotaxanes by templating Leigh's macrocycle

about the oxygen, sulfur or selenium centres of a phosphoramide Pv centre and

the carbonyl group of an amide was demonstrated. This was the first example

where groups other than only amides have been used to template

macrocyclization and lead to rotaxane formation.

Very recently our collaborators Leigh et al have used a thread that is totally

amide free that has successfully led to rotaxane formation by clipping Leigh's

macrocycle about the dioxide of l,4-bis(diphenylphosphino)butane.

In this Chapter we will examine if the disulfide and diselenide threads of 1,4-

bis(diphenylphosphino)butane can also template macrocyclization and give the

corresponding [2] rotaxanes. We will also examine if other symmetrical and

unsymmetrical dichalcogenides of diphosphines that contain four atoms between

the phosphorus centres will form rotaxanes.
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Results and Discussion

3.2 Synthesis and rotaxination attempts involving dichalcogenides of

l,4-bis(diphenylphosphino)butane.

Following the successful rotaxination of l,4-bis(diphenylphosphino)butane

dioxide by Leigh et al, attempts to form rotaxanes from the disulfide and

diselenide analogues 13 and 14 respectively have been made according to

Scheme 3.

PLi

Reagents and conditions:
i) 0 °C, thf
ii) S, Se; Reflux in toluene.
iii)10 eq. isophthaloyl dichloride & p-xylylene diamine in CHCI3 20 Eq. Et3N.

Scheme 3 Reaction scheme for the attempted synthesis of [2] rotaxanes

from dichalcogenides of l,4-bis(diphenylphosphino)butane.
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3.2.1 Synthesis of l,4-bis(dipheny!phosphino)butane.

The synthesis of l,4-bis(diphenylphosphino)butane 12 is achieved from the

reaction of lithium diphenylphosphide with 1,4-dibromobutane. The use of

lithium diphenylphosphide for such reactions is well documented129 and

compound 12 was prepared by following a literature method.130

Compound 12 is highly soluble in DCM, CHCI3, toluene and thf and is insoluble

in EtOH, MeOH and hexane.

Although 12 is a Pni species it is stable to atmospheric oxidation but is readily

oxidised using stronger conditions.

The analytical data for 12 are satisfactory.1 '13

3.2.2 Synthesis ofS and Se dichalcogenides of1,4 bis-

(diphenylphosphino)butane.

The oxidative addition of P111 species with sulfur or selenium, forming the

corresponding Pv species has been used extensively in synthetic chemistry and

proceeds in very good yields (above 95%). Refluxing a toluene solution of the

diphosphine with sulfur or selenium solids to give the respective chalcogenide

performs this reaction. The reaction progress can be seen by the disappearance of

the insoluble chalcogen as it reacts and is consumed by the phosphine. A slight

excess of chalcogen is used and this insoluble residue is filtered from the reaction

mixture. Removal of the solvent followed by recrystallisation from DCM and

hexane led to the compounds 13 and 14 being obtained as colourless crystalline

solids. 14 is sensitive to oxygen, which leads to the deposition of red selenium.

The compounds are highly soluble in DCM, CHCI3, thf and insoluble in hexane

and Et20.
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By directly comparing the Rf values in DCM, of the starting phosphine 12 (76.9

%) with the S and Se analogues 13 (23.1 %) and 14 (23.7 %) respectively it is

apparent that the electronegativity of the chalcogen increases the polarity of the

diphosphine. As expected 14 is less polar then 13 and these results are consistent

with observations from Chapter 1.

The 'H, and NMR spectra for 13 and 14 in CDC13 are

satisfactory and in agreement with previously reported compounds.133'134
ii i

Upon oxidation the P-{ H} NMR shifts of 13 and 14 move to high frequency

upon forming the Pv species 13 (47.1 ppm) and 14 (34.1 ppm) from - 15.0 ppm,

14 displays selenium satellites with a magnitude of 'Jp=se 721 Hz.

The EI mass spectrum for compounds 13 anpf 14 is satisfactory. The spectra for

13 displayed the parent ion as the base peak at m/z = 490 for [M]+. The spectra

for 14 displayed the parent ion at m/z = 585 for [M+H]+. In both spectra

fragmentation occurs with the loss of chalcogen and across the P-CAiiPhatic bond

giving rise to the molecular ions [M-E]+ and [Ph2P]+ respectively in both 13 and

14.

Crystals of 13 and 14 suitable for X-Ray diffraction were obtained by layering

the NMR samples (CDCI3) with hexane and allowing slow diffusion of the

solvents. Figure 3 shows the X-Ray crystal structure of 13, Figure 3.1 shows the

X-Ray crystal structure of 14.

\.
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Figure 3 Crystal structure of 13.

The solid-state structures reveal that 13 and 14 are centrosymmetric.

Figure 3.1 Crystal structure of 14.

Selected bond lengths and angles for 13 and 14 can be seen in Table 3.
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Table 3 Selected bond lengths (A) and angles (°) for compounds 13 and 14.

13 14

E(l)-P(l) 1.943(2) 2.1059(8)
P(D-C(2) 1.807(6) 1.817(3)
C(2)-C(3) 1.522(8) 1.522(8)

C(3)-C(3A) 1.518(11) 1.522(4)
P(l)-C(7) 1.817(6) 1.832(3)

P(1 )-C( 13) 1.823(6) 1.820(3)
C(2)-P( 1 )-E( 1) 113.7(2) 113.14(10)
C(7)-P(l)-E(l) 112.7(2) 112.66(10)
C(13)-P(l)-E(l) 112.4(2) 113.32(9)

3.2.3 Rotaxination attempts of threads 13 and 14.

Attempts were made to rotaxinate the threads 13 and 14 under the same reaction

conditions outlined for the synthesis of rotaxanes 9 and 10 in Chapter 2. These

reactions proved unsuccessful and only starting compounds were obtained from

the reaction mixture as well as the side product the [2] catenane.

3.3 Synthesis and rotaxination attempts of bis(aminophosphines) from 1,2-

diaminoethane.

Although the dioxide of 1,4-bis(diphenylphosphino)butane can act as a template

for macrocyclization forming the [2] rotaxane, the sulfur and selenium

analogues failed to give the corresponding rotaxanes. In this section we will

determine if the dichalcogenides of bis-(diphenylphosphine) groups on analogous

P-N bonded threads will form rotaxanes. The backbone will be synthesised from

1,2-diaminoethane and the respective chalcogen derivatives of

chlorodiphenylphosphine (according to Scheme 3.1). Not only will these threads

have four atoms between the phosphorus centres but they will also allow us to

assess if a P-N bond in such systems favours rotaxane formation as this group

was present in rotaxanes 9 and 10.
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1, E=S
2, E=Se

Reagents and conditions:
i) Et3N, thf
ii)10 eq. isophthaloyl dichloride & p-xylylene diamine in CHC13> 20 Eq. Et3N.

Scheme 3.1 Reaction scheme for synthesis of

ethylenediamine based rotaxanes.

3.3.1 Synthesis ofbis(aminophosphines).

Although the synthesis of the bis(aminophosphine sulfides) 16 has been

previously reported,133 its oxygen and selenium analogue have not.

The synthesis of 15, 16 and 17 was performed by the slow addition of a thf

solution of the chalcogen derivative of the chlorophosphine to a thf solution of

1,2-diaminoethane and triethylamine. The slow addition assures that only the

mono substituted bis(aminophosphine) is formed. The reactions are monitored by

J1P- {1H} NMR in the reaction solvent using D6-benzene inserts and by tic.
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In thf the Et3N.HCl salt which is formed upon P-N bond formation is an

insoluble colourless precipitate which is filtered from the reaction mixture at the

end of the reaction. Removal of the solvent left the crude compounds 15, 16 and

17, which were recrystallised by the dropwise addition of hexane to a DCM

solution of the compounds to induce precipitation. Upon initial precipitation the

mixtures were cooled in a refrigerator for 2 hrs, before the compounds were

collected by filtration as colourless, crystalline solids in yields of 75 - 90 %.

In the previously reported method for 16,133 the reaction was conducted in one

pot by mixing chlorodiphenylphosphine, elemental sulfur and the diamine with a

catalytic amount of 4-(dimethylamino)-pyridine (DMAP) in thf with a yield of

65 %. This method yields 81 % without DMAP.

Compounds 15, 16 and 17 are highly soluble in DCM, CHCI3, thf and insoluble

in hexane and Et20.

15 and 16 are oxygen and moisture stable, while 17 is sensitive to oxygen and

deposits red selenium after being exposed to the air for a few days.

By directly comparing the Rf values of 15, 16 and 17 (in 7 % EtOH in DCM) it

is noted that 15 is polar (Rf = 19.6 %) compared to 16 and 17 (which show

similar values of 76.5 % and 82.4 % respectively). These values are a result of

the electronegativity of the chalcogen atom E.

The 'if NMR (CDCI3) spectra of 15, 16 and 17 are satisfactory and the spectra of

16 and 17 appear identical. By comparing the 'H NMR spectra of 15 and 16

(CDCI3) - Figure 3.2, the alkyl protons Hb appear at approximately 3.1 ppm in all

compounds. The phosphoramide proton Ha is shifted by about 1.25 ppm to

higher frequency in the spectra for 15. The proton signals for Ha and Hb are

multiplets as their signals are split by the adjacent 31P and the protons of the
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adjacent CH2 group respectively. The aromatic protons in the spectra of 15, 16

and 17 are split into two multiplets in the ratio of 2 : 3 (0 protons : m and p

protons).

15, E=0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

Figure 3.2 *H NMR spectra of 15 and 16.

The 13C-{'H} NMR spectra of 15, 16 and 17 in CDCI3 are satisfactory and the

chemical shifts are displayed in Table 3.1. Compounds 16 and 17 display Vc-p

aliphatic coupling with a magnitude of 7 Hz. The aromatic carbon signals are

identified and the magnitudes of the 1 Jc-p coupling constants increase with an

increase in electronegativity of the chalcogen atom. No notable changes in the

magnitude of the 2"Vc-p coupling constants are observed by varying the

chalcogen atom in these compounds.
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Table 3.1 13C-{'H} NMR chemical shifts for compound 15,16, and 17.

Compound Aliphatic C 5: Aromatic C 8r

15 42.8
128.6 (Vc-p= 13 Hz)
131.8 (Vc-p = 3 Hz)

132.1 (2JC-p= 10 Hz)
132.4 (Vc-p = 130 Hz)

16 43.6 (Vc-p = 7 Hz)
128.5 (Vc-p = 13 Hz)
131.6 (Vc-p =11 Hz)
131.7 (Vc-p = 3 Hz)

133.8 (Vc-p = 103 Hz)

17 42.4 (Vc-p = 7 Hz)
128.5 (Vc-p = 13 Hz)
131.7 (Vc-p = 12 Hz)
131.8 (Vc-p = 3 Hz)
133.3 (Vc-p =92 Hz)

Upon P-N bond formation the J'P-{ 1H} NMR shifts in CDCI3 for 15, 16 and 17

move to lower frequency compared to that of the respective starting

chlorophosphine. The chemical shift for 15 appears as a singlet at 25.1 ppm (to

lower frequency by approximately 20 ppm), 61.1 ppm for 16 (to lower frequency

by approximately 18 ppm) and 59.6 ppm for 17 (to lower frequency by

approximately 11 ppm). 17 displays selenium satellites with a magnitude of

1Jp=Se 753 Hz.

Selected IR data for compounds 15,16, and 17 is shown in Table 3.2.

Table 3.2 Selected IR data for compounds 15, 16, and 17.

Compound
IR (cm"1)

v(n-h) v(p-c) v(c-n) v(p=e) v(p-n)

15 - 1123 1096 1175 724

16 3368 1105 1084 626 716

17 - 1102 1085 567 701

In the IR spectra of the compounds 15 and 17, the signal that correlates to the

amine group cannot be determined as there is a very broad peak in the region

where this group is expected to absorb (3300 cm"1). This broad band is possibly

due to an inter or intra molecular hydrogen bond.
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The EI mass spectra of the compounds are satisfactory. The spectrum of 15 gives

the parent ion at m/z = 461 [M+H] +. The base peak appears at m/z = 78 for the

fragment [Ph+H]+. The spectrum of 16 displays the parent ion at m/z = 493

[M+H] +. Notable peaks appear at m/z = 461 for the fragment [M-S+H]+, m/z =

277 for the fragment [M-P(S)Ph2]+ and m/z = 78 for the fragment [Ph+H]+. The

spectrum of 17 displays the parent ion at m/z = 588 [M] +. Notable peaks appear

at m/z = 507 for the fragment [M-Se]+, m/z = 427 for the fragment [M-2Se]+, m/z

= 323 for the fragment [M-P(Se)Ph2]+ and m/z = 78 for the fragment [Ph+H]+.

Fragmentation resulting in the molecular ion [Ph+H]+ is common for

compounds 15, 16, and 17. In compounds 16 and 17 fragmentation with the loss

of chalcogen atom is observed, however loss of oxygen and ionisation of

molecular ion [M-0]+ is not observed for compound 15.

Crystals of 15, 16, and 17 suitable for X-Ray diffraction were obtained by

layering the NMR samples (CDCI3) with hexane and allowing slow diffusion of
1 Tf

the solvents. The X-Ray crystal data of 16 has been reported previously.

Figure 3.3 shows the X-Ray crystal structure of 15. The solid-state structure

reveals that the molecule is centrosymmetric and it exists as a hydrogen bonded

dimer with two intermolecular hydrogen bonds from the amine proton in one

molecule to the oxygen atom of the phosphoramide group on the adjacent

molecule.
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Figure 3.3 Crystal structure of 15.

The intermolecular hydrogen bonds are from the amine proton N(2)-H(2) to

oxygen 0(21) with a distance of 1.825(12) A and from the amine proton

N(22A)-H(22A) to oxygen 0(1 A) with a bond distance of 1.847(16) A. Figure

3.4 shows the X-Ray crystal structure of 17 and like 15; the solid-state structure

reveals 17 is centrosymmetric, however intramolecular hydrogen bonding is

observed. This is from the selenium atom to the amine proton of the other

phosphoramide unit within the molecule from N(2)-H(2N) to Se(lA) with a

hydrogen bond distance of 2.761(11) A.
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Figure 3.4 Crystal structure of 17.

Table 3.3 displays selected bond lengths and angles for compounds 15 and 17.

Table 3.3 Selected bond lengths (A) and angles (°) for compounds 15 and 17.

15 17

P(l)-E(l) 1.484(4) 2.1202(6)
P(l)-N(2) 1.629(5) 1.6698(17)
P(l)-C(13) 1.795(6) 1.810(2)
P(l)-C(7) 1.814(6) 1.810(2)

E(l)-P(l)-N(2) 112.3(3) 117.24(6)
E( 1 )-P( 1 )-C( 13) 114.7(3) 111.28(7)
E(l)-P(l)-C(7) 110.5(3) 113.33(8)

C(13)-P(l)-C(7) 105.2(3) 107.16(11)

3.3.1 Rotaxination attempts involving bis(aminophosphines) 15, 16 and 17.

Attempts were made to rotaxinate the dumb-bell shaped components 15, 16 and

17 under the same reaction conditions previously outlined. Only 15, gave the

corresponding [2] rotaxane 18.

Rotaxination is performed by the slow addition of solutions of the macrocyclic

components p>-xylylene diamine and isophthaloyl dichloride to a slowly stirring

chloroform and triethylamine solution of the thread 15. The macrocyclic

components are added as separate chloroform solutions by slow addition using
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motor driven syringe pumps with the addition of 50 cm3 solutions over 12 hrs

and stirring continued for a further 4 hrs at room temperature. As the reaction

proceeds, precipitation of the [2] catenane is seen almost immediately. The

reaction work up involved the same procedure as for the [2] rotaxanes 9 and 10,

using thf to precipitate the Et3N.HCl prior to column chromatography. The

rotaxane was obtained in 18 % yield as a colourless, fine solid.

By directly comparing the Rf values of the thread 15 (11.7 %) and the [2]

rotaxane 18 (30.7 %) in 7 % EtOH in DCM, it can be seen that the rotaxane is

less polar than the dumb-bell shaped component. Interestingly the rotaxanes 9

and 10 in Chapter 2 were more polar than their dumb-bell shaped counterparts.

From the tic plate, the spot representing the [2] rotaxane is intense and extremely

visible due to highly aromatic rich rotaxane structure compared to the dumb-bell

shaped component.

The rotaxane is soluble in DCM, CHCI3 and less soluble in thf, it is insoluble in

Et20 and hexane. The rotaxane is stable to moisture and oxygen.

The 'H NMR (CDCI3) spectrum of the [2] rotaxane 18 is satisfactory and

identification of the macrocyclic protons can be made by correlation with other

rotaxanes synthesised by Leigh et al 100'108 and the rotaxanes from Chapter 2. By

comparing the 3H NMR spectra of the thread 15 and the rotaxane 18 (Figure 3.5)

the protons Ha and Hb of the thread appear at lower frequency in the rotaxane,

this is characteristic of such rotaxanes as the protons are shielded by the aromatic

sheath of the marcocycle.97 Interestingly the signal for these protons appears as a

multiplet at 1.96 ppm (a low frequency shift of approximately 1 ppm for Elb and a

low frequency shift of approximately 2.25 ppm for Ha).
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Figure 3.5 !H NMR spectra of 15 (300 MHz)
and 18 (500 (MHz).
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The ^C-l'H} NMR data for the [2] rotaxane 18 in CDCI3 are satisfactory. Upon

comparison of the spectrum of the rotaxane and the thread 15 the chemical shifts

for the macrocyclic carbons can be determined, this is also made easier by the

relative intensity of the signals (Table 3.4). The ipso signals are determined by

pendant NMR experiments. The aliphatic chemical shift of the linear backbone
'

carbon shows no difference in chemical shift in the rotaxane structure.

Table 3.4 Macrocyclic 13C-{ 1H} NMR shifts in the [2] rotaxane 18.

13C NMR 5: Macrocyclic Carbon
42.9 Benzylic C
122.8 Aromatic C
129.2 Aromatic C
132.5 Aromatic C
133.1 Aromatic C
134.1 Aromatic Ipso C
139.2 Aromatic Ipso C
166.3 C=0 of macrocycle

The 31P-{'H} NMR spectrum of the rotaxane 18 in CDCI3 shows a singlet at 27.2

ppm; this is to high frequency by 2.1 ppm compared to the thread 15.

The FAB mass spectrum of rotaxane is satisfactory and displays the parent ion at

m/z = 993 [M+H]+. Interestingly the molecular ion of the macrocycle is not

observed at m/z = 533 {M+H]+ only fragments from its rupture. A molecular ion

peak appears at m/z = 201 [P(0)Ph2]+ from the fragmentation of the P-N bond of

the dumb-bell shaped backbone is notable. Although Leigh has reported that in
97

the simplest dipeptide rotaxane fragmentation occurs across the macrocycle ,

this is not observed in the rotaxanes 9 and 10 from Chapter 2 as the molecular

ion of the macrocycle is observed. Interestingly fragmentation occurs across the

macrocycle in the rotaxane 18.

Crystals of 18 suitable for X-Ray diffraction were obtained by layering the NMR

sample (CDCI3) with hexane and allowing slow diffusion of the solvents.
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Figure 3.6 shows the X-Ray crystal structure of 18. Within the rotaxanes four

intramolecular hydrogen bonds are seen from the amide protons of the

macrocycle to the oxygen atoms of the thread backbone. One pair of hydrogen

bonds is seen from the macrocyclic amide protons N(2)-H(2A) to the oxygen

0(31) of the thread with a distance of 2.19 (1) A and a N-H....0 angle of 162.2

(1) °. The other pair of hydrogen bonds is seen from the macrocyclic amide

protons N(11)-H(11A) to the oxygen 0(31) of the thread with a distance of

2.35(1) A and a N-H....0 angle of 170.8(1) °. The complementary distance

between the Pv centres of the thread and the amides of the macrocycle lead to the

macrocycle adopting the preferred chair like conformation which was absent

from the rotaxanes 9 and 10 (where a bowl type conformation was seen).97'136

Figure 3.6 Crystal structure of [2] rotaxane 18.
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Table 3.5 displays selected bond lengths and angles for rotaxane 18.

Table 3.5 Selected bond lengths (A) and angles (°) for compound 18.

P(31 )-0(31) 1.444(5)
P(31)-N(32) 1.693(8)
P(31)-C(37) 1.789(6)
P(31)-C(43) 1.802(6)

0(31)-P(31)-N(32) 116.1(3)
0(31)-P(31)-C(37) 112.3(3)
C(37)-P(31)-C(43) 109.1(3)

Since the dumb-bell shaped component 15 formed the corresponding [2]

rotaxane 18, this provided the perfect opportunity to see if the thread formed

from the reaction of phosphorochloridic acid diphenyl ester with 1,2-

diaminoethane forming 19 would also form the corresponding [2] rotaxane

(Scheme 3.2). This would prove interesting as the reactions involving this

phenoxy group in compound 11 failed.

Scheme 3.2 Synthesis of [2-(diphenoxy-phosphorylamino)-ethyl]-

phosphoramidic acid diphenyl ester 19.

Compound 19 was synthesised and isolated by an analogous method as for

compounds 15 -17, as a very fine colourless crystalline solid.

19 is extremely soluble in DCM, CHCf, thf and insoluble in hexane and Et20.

Like compound 11 upon exposure to moisture for a few days 19 began to give a

phenol like odour, indicating decomposition to phenol and presumably a

phosphoric acid derivative of the diamine backbone.
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The 'H NMR (CDCI3) spectrum for 19 is satisfactory and displayed in Figure

3.7.

J

0^11 H

I
O

N II Q
H O

~r
6.5

Figure 3.7 'H NMR (CDCI3) spectrum of 19.

The proton signals for Ha and Hb are multiplets as the adjacent 31P and the

protons of the adjacent CH2 group split their signals respectively. The diphenoxy

aromatic protons are split into two multiplets in the ratio of 3 : 2 in the region

7.25 - 7.44. These two multiplets are significantly closer together than the

multiplets which appear in the diphenyl phosphoramide systems. The close

proximity of the aromatic multiplets was noted in the spectrum of compound 11.

The i3C-{'H} NMR spectrum of 19 in CDCI3 is satisfactory and the chemical

shifts displayed in Table 3.6.

Table 3.6 13C-{'H} NMR shifts for 19.

Aliphatic Aromatic

42.9 (2JC-P = 5 Hz)
120.1 (J=5 Hz)

para 125.0 (J= 1 Hz)
129.7

Ipso 150.6 (J-7 Hz)
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The aromatic signals are doublets with similar chemical shifts and coupling

2 i • • •

constants as compound 11. A Jq-v coupling is seen with the aliphatic carbon.

In the aromatic region the ipso carbon signal is identified from pendant NMR

studies and the para carbon signal is identified from its relative intensity.

Upon P-N bond formation the 31P-{fH} NMR shift moves to high frequency

from - 4.0 to 0.7 ppm in CDCI3 and is consistent with data obtained for

compound 11.

The IR spectrum of 19 shows characteristic bands for such a structure of which

selected data can be seen in Table 3.7.

Table 3.7 Selected IR data (cm"1) for 19.

V(N-H) V(Ph-O) V(p-O) V(p=0) V(C-N) V(p-O)

3054 1470 1249 1192 1072 935

The EI mass spectrum for 19 was satisfactory and displayed the parent ion at m/z

= 525 [M+H]+. Notable peaks appeared at m/z = 448 for the fragment [M-

Ph+H]+ and at m/z = 431 for the fragment [M-PhO]+.

The analytical data for compound 19 are in good agreement with related

compounds.137

Attempts to rotaxinate 19 under the same reaction conditions outlined previously

failed and only starting compounds were obtained from the reaction mixture as

well as the side product the [2] catenane. It is assumed that the oxygen atom of

phenylphosphoramide groups does not provide a strong enough hydrogen-

bonding site for the protons of the macrocyclic amides to template around and

lead to rotaxination. This is due to the less polar 0=P bond that results from the

phenoxy groups which withdraw electrons from this bond and reduce its polarity.
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3.4 Synthesis and rotaxination ofunsymmetrical bis phosphines.

The dioxide of l,4-bis(diphenylphosphino)butane and compound 15 both gave

the corresponding [2] rotaxane. Not only are there four atoms between the

phosphorus centres but these threads are centrosymmetric. In this section we will

see if unsymmetrical diphosphines (Scheme 3.3), with mixed chalcogen atoms

will give the corresponding [2] rotaxanes. These dumb-bell shaped components

will all contain an 0=P centre and a S=P or Se=P centre. 1,4-bis(phosphine

oxides) have so far proved successful templating agents for macrocyclization

when there is a four atom spacer group. We are interested to see if a combination

of these mixed chalcogens with a four-atom spacer group will provide a suitable

template for rotaxane formation.
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21, E =0
22, E1=S
23, E1=Se

26, E'=0, E2=Se
27, E'=S, E2=0
28, E1=Se, E2=0

Reagents and conditions:
i) DCM, [E1]
ii) thf, Et3N, Ph2P(E2)Cl

Scheme 3.3 Synthesis of unsymmetrical diphosphine dichalcogenides.

3.4.1 Synthesis of3-diphenylphosphanyl-propylamine.

The use of 3-diphenylphosphanyl-propylamine 20, has been previously reported

as a ligand for metal coordination and it was synthesised following reported

methods.138'139 Like the synthesis of 12 [l,4-bis(diphenylphosphino)butane] the

reaction involves the formation of a diphenylphosphide anion which is reacted

with an alkyl halide derivative of the component which makes the C-P bond (in

this case 3-chloropropylamine). In this reaction the source of the

diphenylphosphide anion is sodium diphenylphosphide, which is prepared from

the reaction of triphenylphosphine with sodium metal in liquid ammonia. The

liquid ammonia is allowed to evaporate from the yellow solution of sodium
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diphenylphosphide, which is followed by the addition of the 3-

chloropropylamine and thf. The reaction mixture is then refluxed and the desired

compound obtained following removal of the solvent and distillation under

reduced pressure. The compound is obtained as a clear yellow viscous oil.

20 is highly sensitive to atmospheric oxygen and is hygroscopic.

The 'H, 13C-{'H} and 31P-{!H} NMR spectra for 20 in CDC13 are satisfactory.139

3.4.2 Synthesis ofchalcogen derivatives of3-diphenylphosphanyl-propylamine.

The oxidation of 3-diphenylphosphanyl-propylamine by oxygen, sulfur and

selenium to form the corresponding Pv species proceeds in very good yields

(above 98%). This reaction is performed by the slow addition of the respective

chalcogen to a DCM solution of 20 at 0 °C. The phosphine is so reactive towards

chalcogen at room temperature that the DCM becomes hot, hence the reaction is

performed at 0 °C. The source of oxygen for the synthesis of 21 is the urea

hydrogen peroxide adduct; elemental sulfur and selenium are used for the

synthesis of 22 and 23 respectively. During the reaction work up of 21 the DCM

solution is washed with water to remove the urea side product, before being dried

to give the desired compound as a colourless oil. Compounds 22 and 23 were

isolated by filtration of the insoluble excess of chalcogen followed by removal of

solvent to give the desired compounds as colourless solids. Compounds 21-23

are hygroscopic and become gummy when exposed to the atmosphere for a few

hrs; 'H NMR detects the water. 23 is extremely sensitive to oxygen, which leads

to the deposition of red selenium. The compounds are highly soluble in DCM,

CHCI3 thf and insoluble in hexane and Et20.

The 'hi NMR spectra for 21 - 23 in CDCI3 are satisfactory and appear identical.
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The NMR spectra of 21 - 23 in CDCI3 are satisfactory and the chemical

shifts displayed in Table 3.8. From the 13C-{'H} NMR spectra of it is seen that

the aliphatic Vc-p coupling constants decrease with a reduction in

electronegativity of the chalcogen atom E. In compound 23 no magnitude of Vc-p

coupling is seen. The aromatic carbon signals are identified and the magnitudes

of the Vc-p coupling constants increase with an increase of electronegativity of

chalcogen atom.

Table 3.8 13C-{'H} NMR shifts for 21,22 and 23.

21, E=0
22, E=S L "J
23, E=Se J

H2N
3

b d E

21 22 23
b 42.8 (VC-P - 15 Hz) 42.6 (VC-P = 17) 42.5 (Vc.p = 17 Hz)
c 25.3 (VC-P = 4 Hz) 26.2 (VC.P = 3 Hz) 27.1
d 27.6 C'Jc-p = 72 Hz) 30.0 ('Jc-p = 58 Hz) 30.0 (Vc-p = 50 Hz)

Aromatic
128.6 (Vc-p = 12 Hz)
130.7 (Vc-p = 9 Hz)
131.6 (Vc-p ~ 3 Hz)

132.9 (Vc-p = 99 Hz)

128.5 (Vc-p = 12 Hz)
130.9 (2Jc-p = 10 Hz)
131.3 (Vc-p = 3 Hz)

132.7 (Vc-p = 80 Hz)

128.6 (Vc-p = 11 Hz)
130.7 (Vc-p = 9 Hz)
131.6 (Vc-p = 3 Hz)
133.3 (Vc-p =71 Hz)

The 3IP-{'H} NMR shifts for 21 - 23 in CDCI3 can be seen in Table 3.9, the

NMR shift of 20 is a singlet at - 15 ppm and upon oxidation the chemical shifts

for compounds 21, 22 and 23 move to higher frequency. Compound 23 displays

selenium satellites (Vp=se = 720 Hz).
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Table 3.9 31P-{'H} Chemical shifts for compounds 21,22 and 23.

JJP-{1H}
chemical shifts:

21, E=0 33.7

22, E=S 44.0

23, E=Se 35.4

The EI mass spectra for compounds 21 - 23 are satisfactory. The spectrum for 21

displays the parent ion at m/z = 260 [M+H]+. The base peak appeared at m/z =

215 for the fragment [Ph2P(0)CH2]+, a notable peak also occurred at m/z = 77 for

the fragment [Ph]+. The spectrum for 22 displays the parent ion at m/z = 275

[M]+. The base peak appeared at m/z = 58 for the fragment [C3HgN]+, notable

peaks also occurred at m/z = 244 for the fragment [M-S+H]+ and m/z = 77 for the

fragment [Ph]+. The spectrum for 23 displays the parent ion at m/z = 323 [M]+.

The base peak appeared at m/z = 58 for the fragment [C3HgN]+, notable peaks

also occurred at m/z = 244 for the fragment [M-Se+H]+ and m/z = 77 for the

fragment [Ph]+. In the compounds 21-23 fragmentation is seen across the E-P

bond in all compounds as is fragmentation with the ionisation of the phenyl

group is also observed.

From the microanalysis results it was observed that the carbon data were low by

approximately 1 % this is presumably due to the hygroscopic nature of the

compounds.

Crystals of 23 suitable for X-Ray diffraction were obtained by removal of DCM

during the reaction work up. Figure 3.8 shows the X-Ray crystal structure of 23.
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Figure 3.8 Crystal structure of 23.

The solid-state structure of 23 reveals a head to tail molecular arrangement with

intermolecular hydrogen bonding, from an amine proton N(5)-H(5A) to the

selenium Se(l)#l on an adjacent molecule with a distance of 3.38(4) A. A

hydrogen bond from the other amine proton N(5)-H(5B) to a selenium atom

Se(l)#2 in another molecule is also observed with a distance of 3.05(5) A.

Selected bond lengths and angles for 23 are displayed in table 3.10.

Table 3.10 Selected bond lengths (A) and angles (°) for 23.

Se(l)-P(l) 2.1114(15)
P(l)-C(13) 1.806(4)
P(l)-C(7) 1.823(4)
P(l)-C(2) 1.809(4)
C(4)-N(5) 1.458(5)

C(13)-P(l)-Se(l) 111.95(14)
C(7)-P(l)-Se(l) 113.14(13)
C(2)-P(l)-Se(l) 113.18(15)
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3.4.3 Synthesis ofunsymmetrical bis phosphine dichalcogenides.

The synthesis of the diphosphine dichalcogenides 24 - 28 is achieved by the

reaction of the respective chalcogen derivative of 3-diphenylphosphanyl-

propylamine (21 - 23) with the respective chalcogen derivative of

chlorodiphenylphosphine.

All the reactions were conducted in thf so that the insoluble Et3N.HCl salt that is

made upon P-N bond formation can be filtered from the reaction mixture.

The diphosphines were all isolated from the reaction mixture by column

chromatography in yields ranging from 66 - 88 %.

The compounds 24 - 28 are highly soluble in the solvents DCM, CHCI3, thf and

are insoluble in Et20 and hexane.

The seleno compounds 26 and 28 are sensitive to oxygen and deposit red

selenium after being exposed to the atmosphere for a few days.

The 'H NMR spectra of compounds 24 - 28 in CDCI3 are satisfactory and the

chemical shifts are shown in Table 3.11. It can be seen that by increasing the
■j

electronegativity of chalcogen atom E , the chemical shifts of the adjacent amine

proton Ha appears at higher frequency, whilst the chemical shifts for the protons

Hb-d show no notable change. Likewise an increase in electronegativity of

chalcogen atom E1 in compounds 27 and 28 causes in the chemical shifts of the

adjacent protons Ha to appear at higher frequency, whilst the protons Ha< show

no significant changes in their chemical shift. In compounds 27 and 28 the proton

signal for Ha is broad and overlaps the signal for Hb- Although the alkyl proton

signals are multiplets they are distinguished by 'H-'H correlation spectroscopy.
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Table 3.11 !H NMR chemical shifts for 24 - 28.

O2" c ^
6

24, E =E"= O
25, E'=o, E2=S

| | 26, E'=0, E2=Se
27, E'=S, E2=0
28, E1=Se, E2=0

Compound a b c d Aromatic
24 3.63 3.06 1.86 2.39 7.38-7.52 (12 H)

7.67-7.87(8 H)

25 3.28 3.07 1.89 2.35
7.36-7.53 (12 H)
7.65 - 7.72 (4 H)
7.89 -7.96 (4 H)

26 3.30 3.06 1.89 2.36
7.36-7.55 (12 H)
7.65-7.72 (4 H)
7.89 -7.97 (4 H)

27 3.06 3.06 1.85 2.57 7.35-7.51 (12 H)
7.78-7.87 (8 H)

28 3.06 3.06 1.83 2.67 7.37-7.51 (12 H)
7.77-7.86 (8 H)

The 1j>C-{!H} NMR spectra of 24 - 28 in CDCI3 are satisfactory and the chemical

shifts displayed in Table 3.12. Alkyl C-P coupling is noted through the E1=P

moiety as the magnitudes of the coupling constants are similar to those observed

in the carbon spectra of 21 - 23. Upon formation of the P-N bond a slight shift is

observed in the resonance of the adjacent signal for Cb, to lower frequency.
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Table 3.12 13C-{*H} NMR shifts of24-28.

o[V'N e2 a 24, e'=e2= 0
25, e|=0, E2=S

b d e1 T| 1 26, e'=0, e"=Se
27, e'=s, e2=0

[| J 28, ei=Se, e2=0
Compound B c d Aromatic

24
41.2

(Vc-p =
14 Hz)

24.3 27.0

(Vc-p ~

72 Hz)

128.5 (3Jc-p = 13 Hz)
128.6 (3Jc-p - 12 Hz)
130.7 (2/c-p ~ 9 Hz),
131.7 (Vc-p = 3 Hz)
131.7 (Vc.p = 3 Hz)

131.9 (2JC-p= 10 Hz)
132.6 ('/c-p ~ 97 Hz)

132.7 (1yC-P= 129 Hz)

25 41.7

(VC-P =
13 Hz)

23.6

(Vc.p = 9
Hz)

21A

('jc-p =
73 Hz)

128.4 (3JC-p= 13 Hz)
128.7 (dVc-p = 12 Hz)

130.7 (2Jc-p = 9 Hz)
131.5 (2JC-p= 10 Hz)
131.5 (Vc.p = 3 Hz)
131.8 (Vc-p = 3 Hz)

132.5 (Vc-p-99 Hz)
134.2 (Vc-p = 102 Hz)

26 42.6

(Vc-p =
13 Hz)

23.3

(2Jc-p = 9
Hz)

27.5

('jc-p ~

72 Hz)

128.3 (Vc-p= 13 Hz)
128.7 (Vc-p - 12 Hz)
130.7 (Vc-p = 9 Hz)

131.6 (Vc-p = 11 Hz)
131.6 (Vc.p-3 Hz)
131.8 (Vc-p = 3 Hz)

132.5 (Vc-p = 99 Hz)
132.8 (Vc-p-92 Hz)

27 41.2

(Vc-p =
16 Hz)

24.9 29.6

('•/c-p =
57 Hz)

128.5 (Vc-p - 13 Hz)
128.6 (Vc-p= 12 Hz)
131.0 (Vc-p = 10 Hz)
131.4 (Vc-p = 3 Hz)
131.8 (Vc-p = 3 Hz)

132.0 (Vc-p = 10 Hz)
132.7 (Vc-p-80 Hz)

132.7 (Vc-p - 129 Hz)

28 40.9

(Vc-p =
18 Hz)

25.6

(2Jc-p = 8
Hz)

29.5

('•/c-p =
51 Hz)

128.5 (Vc-p - 13 Hz)
128.7 (Vc.p- 12 Hz)
131.2 (Vc.p-72 Hz)
131.5 (Vc-p - 10 Hz)
131.5 (Vc-p = 3 Hz)
131.8 (Vc-p = 3 Hz)

132.0 (Vc-p = 10 Hz)
132.1 (Vc-p = 129 Hz)
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Upon close examination of the aromatic region, the 2-4Jc-p coupling constants can

all be determined, however their exact correlation with the different aromatic

chalcogen-phosphorus moiety cannot be determined due to the similarity in the

magnitude of their coupling constants. The magnitude of the 'Jc-p coupling

constant allows correlation of these aromatic carbon signals due to the notable

differences in their values that have been determined from the P-N bonded

compounds (15 -17) and the P-C bonded compounds (21 - 23) synthesised.

The j1P-{'H} NMR spectra of compounds 24 - 28 in CDCI3 are all satisfactory

and the chemical shifts shown in Table 3.13.

Table 3.13 ^P-l'H} NMR shifts for 24 - 28.

3'P-l'H} NMR chemical shift.
Compound P-N P-C

24 24.9 34.0
25 60.4 33.9
26 57.9 33.9
27 25.0 43.8
28 25.0 35.5

Compounds 26 and 28 display 1 Jp=se satellites with a magnitude of 747 and 720

Hz respectively.

Selected IR data of compounds 24 - 28 are shown in Table 3.14.
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Table 3.14 Selected IR (cm"1) data for compounds 24 - 28.

XZ
/

\

TuA—/
\

0
| 24, E'=E2= O

25, E1=0, E2=S
E1 || | 26, E1=0, E2=Se

27, E'=S, E2=0
28, E1=Se, E2=0

V(P=E') 2
V(P=E ) V(P-C)

aromatic

V(P-C)
aliphatic

V(P-N) V(N-H)

24 1180 1176 1105 997 725 3218
25 1177 633 1111 997 720 3192
26 1187 548 1102 997 695 3204
27 546 1193 1106 997 724 3345

28 528 1193 1103 997 723 3343

The EI mass spectrum for 24 displays the parent ion at m/z = 460 [M+H] +. The

base peak appears at m/z = 78 for the fragment [Ph+H]+. Notable peaks appear at

m/z = 260 for [M-Ph2P(0)+2H]+ and m/z = 203 for the fragment [Ph2P(0)+2H]+.

The EI mass spectrum of 25 displays the parent ion at m/z = 476 [M+H] +. The

base peak appears at m/z - 443 for the fragment [M-S]+. Notable peaks appear at

m/z = 258 for [M-Ph2P(0)]+ and m/z = 217 for the fragment [Ph2P(S)]+ The EI

mass spectrum of 26 displays the parent ion at m/z = 524 [M+H]+. The base peak

appears at m/z = 444 for the fragment [M-Se+H]+. A notable peak appears at m/z

= 258 for [M-Ph2P(Se)]P The EI mass spectrum of 27 displays the parent ion at

m/z = 475 [M+H] +. The base peak appears at m/z - 444 for the fragment [M-

S+H]+. Notable peaks appear at m/z = 274 for [M-Ph2P(0)+H]+ and m/z = 201

for the fragment [Ph.2P(0)]+. The EI mass spectrum of 28 displays the parent ion

at m/z = 523 [M+H] +. The base peak appears at m/z = 442 for the fragment [M-

Se]+. A notable peak appears at m/z = 201 for the fragment [Ph2P(0)]+.

Fragmentation across the P-N is common in the molecules 24 - 28.

Chapter Three: The Synthesis of (amide free) rotaxanes with diphosphine dichalcogenide threads 124



Crystals of 24 - 26 suitable for X-Ray crystallography were obtained by layering

the NMR samples (CDCI3) with hexane and allowing slow diffusion of the

solvents. Figure 3.9 shows the X-Ray crystal structure of 24.

In the solid-state compound 24 exists as a head to tail hydrogen bonded dimer,

the amine proton N(2)-H(2N) hydrogen bonds intermolecularly to the oxygen

atom 0(6)# 1 of the adjacent molecule with a distance of 1.921(12) A. Similarly

in the solid state 25 exists as a head to tail hydrogen bonded dimer (Figure 3.10)

with the amine proton N(2)-H(2N) hydrogen bonding intermolecularly to the

oxygen atom 0(6)#1 of the adjacent molecule with a distance of 2.046(5)A.

Compound 26 exists as a head to head hydrogen bonded dimer in the solid state

(Figure 3.11), the amine proton N(2)-H(2N) hydrogen bonds intermolecularly to

the selenium atom Se(l)#lof the adjacent molecule with a distance of 2.912(9)

A. Selected bond lengths and angles in compounds 24 - 26 are displayed in Table

Figure 3.9 Crystal structure of 24.

3.15.
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Figure 3.10 Crystal structure of 25.

Figure 3.11 Crystal structure of 26.
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Table 3.15 Selected bond lengths (A) and angles (°) for 24 - 26.

24, E=0 25, E=S 26, E=Se
P(l)-E(l) 1.475(8) 1.475(8) 2.1162(12)
P(l)-N(2) 1.641(8) 1.661(3) 1.668(3)
P(6)-0(6) 1.487(8) 1.488(2) 1.504(3)
C(5)-P(6) 1.801(8) 1.794(3) 1.793(4)

E(l)-P(l)-N(2) 119.5(3) 114.22(11) 117.61(13)
0(6)-P(6)-C(5) 113.9(2) 114.30(14) 113.53(18)

N(2)-C(3)-C(4)-C(5) -67.6(5) -176.2(3) 177.9(3)

3.4.4 Rotaxination attempts involving unsymmetrical bis phosphines 24 - 28.

Attempts were made to rotaxinate the threads 24 - 28 under the same reaction

conditions outlined previously. Only the dioxide thread 24, gave the

corresponding [2] rotaxane 29. The other reaction mixtures contained unreacted

starting compounds and the by-product the [2] catenane.

Rotaxination is performed by the slow addition of solutions of the macrocyclic

components p-xylylene diamine and isophthaloyl dichloride to a slowly stirring

chloroform and triethylamine solution of the dumb-bell shaped component. The

macrocyclic components are added as separate chloroform solutions by slow

addition using motor driven syringe pumps with the addition of 50 cm solutions

over 12 hrs and stirring continued for a further 4 hrs at room temperature. As the

addition proceeds, precipitation of the by-product, [2] catenane is seen. The [2]

rotaxane 29 was isolated after column chromatography as a colourless solid in 15

% yield.

By directly comparing the Rf values of the thread 24 (42 %) and the [2] rotaxane

29 (60 %) in 10 % EtOH in DCM, it can be seen that the rotaxane is less polar

than the thread. The rotaxane 29 is soluble in DCM, CHCI3 and less soluble in

thf (29 is less soluble in these solvents than rotaxanes 9, 10 and 18) and is

insoluble in Et20 and hexane.
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The rotaxane is stable to moisture and oxygen.

The *H NMR (CDCI3) spectrum of 29 is satisfactory and assignment of the

macrocyclic protons is made by correlating with similar rotaxanes made by

Leigh et al 100'108 and those previously prepared in the present study. By

comparing the 'H NMR (CDCI3) spectra of the dumb-bell shaped component 24

and the rotaxane 29 (Figure 3.12), the protons Ha-d now appear at lower

frequency in the rotaxane. This is characteristic of such rotaxane systems as these
07

protons are shielded by the aromatic sheath of the macrocycle. The signals for

Hb-c move to lower frequency by approximately 1 ppm whilst the signal for the

amine proton Ha moves to lower frequency by approximately 2.5 ppm.

Chapter Three: The Synthesis of (amide free) rotaxanes with diphosphine dichalcogenide threads



Figure 3.12 ]H NMR (CDC13) spectra

of 24 and 29.
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The ^C-l'H} NMR spectrum of the [2] rotaxane 29 in CDCI3 is satisfactory.

Upon comparison of the spectra of the rotaxane and the thread 24 the chemical

shifts for the macrocyclic carbons can be determined, which is simplified by their

relative intensity (Table 3.16). The chemical shifts of the carbon signals for the

thread show no notable difference in the rotaxane.

Table 3.16 Macrocyclic ^C-l'H} NMR shifts for [2] rotaxane 29.

13C NMR 5: Macrocyclic Carbon
43.1 Benzylic C
123.3 Aromatic C
129.3 Aromatic C
129.4 Aromatic C
132.2 Aromatic C
134.4 Aromatic Ipso C
138.6 Aromatic Ipso C
166.6 C=0 of macrocycle

Upon rotaxination the ^-{'H} NMR (CDCI3) spectrum of the rotaxane shows

two singlets at 27.1 (P-N) and 35.4 (P-C) ppm respectively. This is high

frequency shift of approximately 2 ppm (P-N) and 1.5 (P-C) ppm compared to

that of the thread, 24. A high frequency shift of 2 ppm was observed in rotaxane

18 compared to that of its dumb-bell shaped component 15.

In the IR spectrum of the rotaxane a very strong, broad band appears at 3423

cm"1 this is due to the N-H bond but appears broad due to the H bonding within

the rotaxane structure. Carbonyl amide bands appear at 1648 cm"1 from the

macrocycle, this band is very strong with respect to the P-0 band at 1177 cm"1
which is now of medium intensity.

The FAB mass spectrum of rotaxane is satisfactory and displays the parent ion at

m/z = 993 [M]+. Interestingly the molecular ion of the macrocycle is not observed

at m/z = 533 only fragments from its rupture. A notable ion peak appears at m/z =

201 [P(0)Ph2]+ from the fragmentation of the P-N bond of the dumb-bell shaped
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backbone. This is a similar fragmentation pattern to that observed for rotaxane 18

(also under FAB conditions).

Crystals of 29 suitable for X-Ray diffraction were obtained by layering the NMR

sample (CDCI3) with hexane and allowing slow diffusion of the solvents.

Figure 3.13 shows the X-Ray crystal structure of 29.

Within the rotaxane two pairs of intermolecular hydrogen bonds are observed

from the macrocyclic amide protons to the oxygen atom of two water molecules.

One pair of hydrogen bonds is seen from N(2)-H(2N) to 0(60) with a distance of

2.320 (15) A and an angle of 171(6)°. The other pair of hydrogen bonds is seen

from N(11)-H(11N) to 0(60) with a distance of 2.153(17) A and an angle of

165(5) °. This molecular arrangement between the macrocycle and thread leads

onoA)

Figure 3.13. Crystal structure of [2] rotaxane 29.
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to the macrocycle adopting the preferred chair-like conformation which was

present in the rotaxane 18.97,134

3.5 Synthesis ofand rotaxination attempts ofdialkyl bis aminophosphines.

The successful rotaxination of l,4-bis(diphenylphosphino)butane dioxide has

been described in Section 3.2. The successful rotaxination of the

bis(amino)phosphine 15 to form the rotaxane 18 has also been successful and

described in Section 3.3. The rotaxination of the unsymmetrical diphosphine 24

leading to the rotaxane 29 has been described in Section 3.4.

The threads of these rotaxanes contain four atoms between the phosphorus

centres. In this section we are interested in synthesising and attempting to

rotaxinate Diphosphine dioxides derived from piperazine and homopiperazine.

These diphosphines will not only contain four atoms between the phosphorus

centres but they are bridged by a dialkyl backbone. We are interested in

observing if this dialkyl group will hinder macrocyclization and rotaxane

formation.

3.5.1 Synthesis of diphosphine dioxides derived from piperazine and

homopiperazine.

The synthesis of diphosphine derivatives of piperazine and homopiperazine is

being investigated as ligands for metal coordination and as ligands for

homogeneous catalysis by our group.140'141 The preparation of the dialkyl threads

30 and 31 is achieved in the same manner as for the P111 derivatives,140 but using

diphenylphosphinic acid chloride to form the corresponding Pv compounds

(Scheme 3.4).
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+ 2Et3N.HCl

Scheme 3.4 Synthesis of diphosphine dioxides 30 and 31.

The synthesis of 30 and 31 is performed by the addition of a thf solution of the

chlorophosphine to a thf solution of the respective heterocycle and triethylamine.
T1 1

The reactions are monitored by P-{ H} NMR in the reaction solvent using De-

benzene inserts and by tic.

The insoluble precipitate EtsN.HCl that is formed upon P-N bond formation is

filtered from the reaction mixture. Removal of the thf left the crude compounds

that were recrystallised from a DCM solution by the dropwise addition of hexane

and upon initial precipitation the mixtures were cooled in a refrigerator for 2 hrs.

The compounds were collected by filtration as colourless, crystalline solids in

yields above 80 %.

Compounds 30 and 31 are highly soluble in DCM, CHCI3, thf and are insoluble

in hexane and Et20 and are stable to moisture and oxygen.

The 'H NMR (CDCI3) spectra for 30 and 31 are satisfactory (Figure 3.14).
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(ppm)

Figure 3.14 *H NMR spectra of 30 and 31.

The aliphatic proton signals in both compounds appear as multiplets due to

coupling to the phosphorus atom. The assignment of the protons in 31 is

achieved by using 'H-'H correlated experiments, the aromatic protons are split

into two multiplets in the ratio of 2 : 3 (o protons : m and p protons).

The NMR spectra of 30 and 31 in CDCI3 are satisfactory and the

chemical shifts are displayed in Table 3.17.

Table 3.17 NMR shifts for 30 and 31.

Compound Aliphatic 13C NMR Aromatic 13C NMR

30 45.2 ('Jc-p = 8 Hz)
128.7 (3JC-p=13Hz)
130.8 (VC-p= 129 Hz)

131.9 (Vc-p = 3Hz)
132.3 (2JC-p - 9 Hz)

31
31.6
47.7
51.5

128.5 fVc-p = 13 Hz)
131.7 (VC-p = 129 Hz)

131.8 (4JC-p = 3 Hz)
132.2 (2JC-p = 9 Hz)
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Upon P-N bond formation the 31P-{'H} NMR shifts for 30 and 31 in CDC13

move to lower frequency and appear as singlets at 30.7 and 31.9 ppm

respectively from 49.9 ppm of the starting chlorophosphine

The ES mass spectrum of 30 displays the parent ion at m/z = 485 [M-H]+ as the

base peak. Notable fragments are 287 [M-Ph2P(0)+2H]+, 201 [Ph2P(0)]~ and 78

[Ph+H]+. The ES mass spectrum of 31 displays the parent ion at m/z = 501

[M+H]+ as the base peak. Notable fragments are 301 [M-Ph2P(0)+2H]+, 203

[Ph2P(0)+2H]^ and 78 [Ph+H]+. Fragmentation across the P-N bond is observed

in both compounds.

3.5.2 Rotaxination attempts involving diphosphines 30 and 31.

Attempts were made to rotaxinate the threads 30 and 31 under the same reaction

conditions outlined previously and these reactions failed to give the

corresponding rotaxanes, the reaction mixture left unreacted starting materials

and the side product the [2] catenane. The failure to produce the rotaxanes can

only be due to the steric bulkiness of heterocyclic rings, which must hinder the

possibility for the macrocycle to close around this central core.

3.6 Conclusions.
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3.6 Conclusions.

Although a four-atom spacer group between phosphorus centres is suitable for

templating macrocyclization and leading to the formation of [2] rotaxanes, the

chalcogenide in these circumstances must be the dioxide. In the mixed chalcogen

systems the 'other' chalcogen atom, whether it is sulfur or selenium is too soft to

mediate hydrogen bonding and lead to rotaxane formation.

Phenoxy groups lower the polarity of the 0=P bond in such systems and

hydrogen bonding is not favoured and macrocyclization does not occur to form

the corresponding rotaxane.

The incorporation of piperazine based heterocycles in the thread causes steric

hindrance by the central spacer group meaning that hydrogen bonding of

macrocyclic precursors is not possible, and hence rotaxination in such systems is

unfavourable.
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3.7 Experimental.

1.4-bis(diphenylphosphino)butane. 12

Triphenylphosphine (80.0 g, 0.305 mol) was dissolved in thf (500 cm3) at room

temperature under an argon atmosphere. To this solution small pieces of freshly

cut lithium were added (5.29 g, 0.763 mol). The solution was refluxed for four

days until all the lithium was consumed. The deep purple solution was cooled to

0 °C and a thf (50 cm3) solution of 1,4-dibromobutane (29.63 g, 0.137 mol) was

added over 30 mins using motor driven syringe pumps. The solution became

pinky/brown within 30 mins and the solution stirred at 0 °C for 1 hr. The mixture

was allowed to warm to room temperature before being poured into water (ca. 2

dmJ). The organic layer was washed with water (3 x 1 dm3) before being dried

over MgSC>4. The solvent was removed in vacuo to give a yellow crystalline

solid. This was recrystallised from toluene and EtOH to give the desired

compound as a fine colourless crystalline solid that was filtered and dried in

vacuo. Yield 38.64 g (66 %); mp = 128 °C; Rf (DCM): 76.9 %; 'H NMR

(CDC13) 5: 1.57 (m, 4H, Hb) 2.03 (m, 4H, Ha) 7.28 - 7.42 (m, 20 H, Ar H); 13C-

{'H} NMR (CDCI3) 6: 27.4, 27.8, 128.3 (d, 3JC-p = 7 Hz), 128.4, 132.7 (d, 2JC.P =

19 Hz), 138.7 (d, 'Jc-p = 13 Hz); 31P-{1H} NMR (CDCI3) 5: - 15.0 ppm; FTIR

(KBr disk): 3065m, 2931m, 2882m, 1583m, 1479m, 1453m, 1430s, 1411m,
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1300m, 1270m, 1163m, 1096m, 1064m, 1064m, 1026m, 997w, 909w, 842m,

741s, 721s, 694vs, 507m, 478m; EI mass spectrum: m/z 427.2 [M+H];

Microanalysis expected for C28H28P2 C: 78.86, H: 6.62 measured C: 77.01, H:

6.78.

1.4-bis(diphenvlphosphinosulfide)butane. 13

The colourless solid l,4-bis(diphenylphosphino)butane 12 (2.5 g, 5.86 mmol)

and elemental sulfur (0.39 g, 12.19 mmol) were refluxed in toluene (75 cm3) for

30 mins. The colourless solution was filtered through Celite, before the solvent

was removed in vacuo to give a colourless solid This was recrystallised from

DCM and hexane to give a colourless precipitate which was collected by

filtration and dried in vacuo to give the desired compound as a fine crystalline

colourless solid. Yield 2.72 g (95 %); mp = 223 - 224 °C; Rf (DCM): 23.1 %; ]H

NMR (CDCf) 6: 1.71 (m, 4H, Hb), 2.41 (m, 4H, Ha), 7.39 - 7.51 (m, 12H, Ar H),

7.74 - 7.81 (m, 8H, Ar); NMR (CDCI3) 5: 23.4 (d, 2JC.P = 18 Hz, CH2,

Cb), 32.3 (d, 'Jc-p = 56 Hz, CH2, Ca), 128.8 (d, 3JC-p = 12 Hz), 131.2 (d, 2JC-p - 10

Hz), 131.6 (d, Vc-p = 3 Hz), 132.3 (d, 'jC-p = 80 Hz); 31P-{'H} NMR (CDC13) 5:

42.7 ppm, FTIR (KBr disk): 3049m, 2930m, 1480m, 1459w, 1435s, 1309m,

1178m, 1158w, 1104s, 1026w, 997w, 931w, 841s, 770s, 744s, 722s, 711s, 698s,
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690s, 619m, 609vs, 523vs; EI mass spectrum: m/z 491.1 [M+H]; Microanalysis

expected for C28H28P2S2 C: 68.54, H: 5.75 measured C: 66.96, H: 5.20; Crystals

suitable for X-Ray crystallography were obtained by layering a CDCI3 solution

of the compound with hexane.

1.4-bis(diphenvlphosphinoselenide)butane. 14

The colourless solid l,4-bis(diphenylphosphino)butane 12 (2.5 g, 5.86 mmol)

and elemental selenium (0.93 g, 11.8 mmol) were refluxed in toluene (75 cm3)

for 30 mins. The colourless solution was filtered through Celite before the

solvent was removed in vacuo to give a colourless solid. This was recrystallised

from DCM and hexane to give a colourless precipitate, which was collected by

filtration and dried in vacuo to give the desired compound as a fine crystalline

colourless solid. Yield 3.30 g (96 %); mp = 193 °C; Rf (DCM): 23.7 %; !H NMR

(CDCI3) 5: 1.72 (m, 4H, Hb), 2.53 (m, 4H, Ha), 7.39 - 7.50 (m, 12H, Ar H), 7.74

- 7.81 (m, 8H, Ar H); ^C-l'H} NMR (CDC13) 5: 23.9 (d, 2JC.P = 18 Hz, CH2,

Cb), 32.1 (d, lJc.p = 50 Hz, CH2, Ca), 128.7 (d, 3JC-p = 12 Hz), 131.4 (d, 'jC-p = 72

Hz), 131.5 (d, 2JC-P = 11 Hz), 131.6 (d, VC-p= 3 Hz); 31P-{1H} NMR (CDC13) 5:

34.1 (d, 'Jp=Se = 721 Hz); FTIR (KBr disk): 3046m, 2927m, 1479m, 1458w,

1434vs, 1334m, 1308m, 1291w, 1178m, 1159w, 1102s, 1093s, 1067m, 1026m,
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996m, 930w, 838s, 758s, 744s, 718s, 708s, 698vs, 617w, 530vs, 505vs, 482m; EI

mass spectrum: m/z 585.9 [M+H]; Microanalysis expected for C2sH28P2Se2 C:

57.54, H: 4.83 measured C: 57.05, H: 4.45; Crystals suitable for X-Ray

crystallography were obtained by layering a CDCI3 solution of the compound

with hexane.

Ethylenediamine-1.2-bis-(diphenylphosphineoxide). 15

To a stirring solution of 1,2-diaminoethane (0.395 g, 6.56 mmol) and EtsN (1.33

g, 1.83 cm3, 13.12 mmol) in thf (100 cm3), was added a thf (20 cm3) solution of

diphenylphosphinic acid chloride (3.11 g, 2.5 cm3, 13.12 mmol) over 2 hrs. The

stirring was continued for a further hour. The colourless precipitate formed was

filtered off and the solvent removed to give a colourless solid. This was

recrystallised from DCM and hexane to give the desired compound as a fine

colourless solid which was collected by filtration and dried in vacuo. Yield 2.14

g (75 %); mp - 234 - 236 °C; Rf (7 % EtOH in DCM): 19.6; 'H NMR (CDC13) 6:

3.08 (m, 4H, Hb), 4.35 (m, 2H, Ha), 7.34 - 7.51 (m, 12H, Ar H), 7.78 - 7.90 (m,

8H, Ar H); 13C-{'H} NMR (CDC13) 6: 42.8 (CH2, Cb), 128.6 (d, 3JC-p = 13 Hz),

131.8 (d, Vc-p = 3 Hz), 132.1 (d, 2JC.? = 10 Hz), 132.4 (d, XJC-P= 130 Hz); 31P-

{'H} NMR (CDCI3) 5: 25.1 ppm; FTIR (KBr disk): 3442m br, 3174vs br,
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2968w, 2936w, 2867w, 1588w, 1437vs, 1306w, 1228m, 175vs, 1123vs, lllOvs,

1097vs, 1080m, 1027w, 997w, 935w, 875m, 859m, 760m, 746s, 724vs, 693s,

657m, 555s, 534s, 491m; EI mass spectrum: m/z 461.1 [M+H]; Microanalysis

expected for C26H26N2O2P2 C: 67.82, H: 5.69, N: 6.08, measured C: 67.68, H:

5.55, N: 6.02; Crystals suitable for X-Ray crystallography were obtained by

layering a CDCI3 solution of the compound with hexane.

Ethylenediamine-1.2-bis-(diphenvlphosphinesulfide) 16

To a stirring solution of 1,2-diaminoethane (0.442 g, 7.361 mmol) and EtsN

(1.49 g, 2.05 cm3, 14.72 mmol) in thf (100 cm3), was added a thf (20 cm3)

solution of diphenyl-phosphinothioic acid chloride (3.71 g, 14.72 mmol) over 2

hrs. The stirring was continued for a further hour. The colourless precipitate

formed was filtered off and the solvent removed to give a colourless solid. This

was recrystallised from DCM and hexane to give the desired compound as a fine

colourless solid which was collected by filtration and dried in vacuo. Yield 2.93

g (81.0 %); mp = 149 - 150 °C; Rf (7 % EtOH in DCM): 76.5 %; lH NMR

(CDCI3) 6: 3.18 (m, 4H, Hb), 3.27 (m, 2H, Ha), 7.38 - 7.51 (m, 12H, Ar H), 7.92

- 8.00 (m, 8H, Ar H); 13C-{'H} NMR (CDC13) 6: 43.6 (d, 2JC-p = 7 Hz, CH2, Cb),

128.5 (d, 3Jc-p = 13 Hz), 131.6 (d, VC-p = 11 Hz), 131.7 (d, 4Jc-p = 3 Hz), 133.8
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(d, XJC-p = 103 Hz); 31P-{*H} NMR (CDC13) 5: 61.1 ppm; FTIR (KBr disk):

3449m br, 3266m br, 3053w, 2931w, 2874w, 1477m, 1437vs, 1417m, 1310m,

1201w, 1176w, 1106s, 1084vs, 1027w, 997w, 864m, 754m, 742m, 715vs, 699s,

626m, 612m, 531m, 497m; Acc mass EI calculated for C26H26N2P2S2 463.1091

[M+H], measured 493.1090 [M+H]; Microanalysis expected for C26H26N2P2S2 C:

63.40, H: 5.32, N: 5.68, measured C: 63.4, H: 4.89, N: 5.68; Crystals suitable for

X-Ray crystallography were obtained by layering a CDCI3 solution of the

compound with hexane.

Ethylenediamine-1.2-bis-(diphenvlphosphineselenide)17

To a stirring solution of 1,2-diaminoethane (0.496 g, 8.253 mmol) and EtsN

(1.67 g, 2.30 cm3, 16.51 mmol) in thf (100 cm'), was added a thf (20 cm3)

solution of diphenyl-phosphinoselenoic acid chloride (4.95 g, 16.50 mmol) over

2 hrs. The stirring was continued for a further hour. The colourless precipitate

formed was filtered off and the solvent removed to give a colourless solid. This

was recrystallised was from DCM and hexane to give the desired compound as a

fine colourless crystalline solid which was collected by filtration and dried in

vacuo. Yield 4.4 g (91 %); mp = 162 - 163 °C; Rf (7 % EtOH in DCM): 82.4 %;

'H NMR (CDCI3) 5: 3.16 (m, 4H, Hb), 3.24 (m, 2H, Ha), 7.38 - 7.51 (m, 12H, Ar
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H), 7.91 - 7.99 (m, 8H, Ar H); uC-{lK} NMR (CDC13) 5: 42.4 (d, 2JC.P = 7 Hz,

CH2 Cb), 128.5 (d, 3JC.P = 13 Hz), 131.7 (d, 2JC.p = 12 Hz), 131.8 (d, VC-p = 3

Hz), 133.3 (d, '7C-p= 92 Hz); 31P-{'H} NMR (CDC13) §: 59.6 ('jp-se = 753 Hz)

ppm; FTIR (KBr disk): 3449m br, 3220m br, 2912w, 1586w, 1480m, 1457w,

1435vs, 1408m, 1334w, 1305w, 1102vs, 1085s, 1030w, 999m, 938m, 929m,

911s, 840m, 752m, 741m, 716m, 701vs, 689vs, 620m, 570vs, 526m, 498m,

442m, 420m; EI mass spectrum: m/z 588.2 [M+H]; Microanalysis expected for

C26H26N2P2Se2 C: 53.26, H: 4.46, N: 4.76, measured C: 53.23, H: 4.20, N: 5.06;

Crystals suitable for X-Ray crystallography were obtained by layering a CDCI3

solution of the compound with hexane.

f21 Rotaxane. 18

To a slowly stirring solution of 15 (0.8 g, 1.74 mmol) in CHCI3 (100 cm3) and

EtsN (3.52 g, 4.85 cm3, 34.78 mmol), two separate solutions of /?-xylylene

diamine (2.37 g, 17.39 mmol) in CHCI3 (50 cm3) and isophthaloyl dichloride

(3.53 g, 17.39 mmol) in CHCI3 (50 cm3) were added over 12 hrs using motor

driven syringes at room temperature. The reaction mixture was stirred for a

further 4 hrs then the colourless precipitate filtered off. The filtrate was

NH HN'
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0 T

concentrated to ca. 10 cm . thf (200 cm ) was then added and the resulting

colourless precipitate formed was filtered off. The filtrate was concentrated

under reduced pressure then separated by column chromatography (7 % EtOH in

DCM) to give the desired compound as a fine colourless solid. Yield 310 mg (18

%); Decomposition temp = 292 °C; Rf (7 % EtOH in DCM): 30.7 %; *H NMR

(CDCI3) 5: 1.96 (m, 6H, Ha&b), 4.21 (br s, 8H, HE), 6.23 (s, 8H, HF), 7.43 - 7.47

(m, 8H, Ar H), 7.58 - 7.65 (m, 12H, Ar H), 7.76 (t, 3JH-h = 8 Hz, 4H, HA), 8.30

(br t, 3JH-h = 6 Hz, 4H, HD), 8.44 (d, 3JH-h = 8 Hz, 4H, HB), 8.51 (s, 2H, Hc)

13C-{]H} NMR (CDCI3) 5: 42.1 (CH2, Cb), 42.9 (CH2, CE), 122.8 (Ar C of

macrocycle), 129.2 ((Ar C of macrocycle), 129.3 (d, 3Jc-p = 12 Hz), 129.7 (d, 4Jc-

P = 3 Hz), 131.2 (d, 'Jc-p= 128 Hz), 131.7 (d, 2JC-p = 9 Hz), 132.5, 133.1, 134.1,

139.2 (Ar C of macrocycle), 166.3 (C=0 of macrocycle); 31P-{'H} NMR

(CDCI3) 5: 27.2; FAB +ve mass spectrum: m/z 993.5 [M+H]; Microanalysis

expected for C58H54Ng06P2 C: 70.15, H: 4.92, N: 8.46 measured C: 70.64, H:

4.57, N: 8.84; Crystals suitable for X-Ray crystallography were obtained by

layering a CDCI3 solution of the compound with hexane.

r2-(Diphenoxv-phosphorvlamino)-ethvn-phosphoramidic acid diphenyl ester. 19
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To a stirring solution of 1,2-diaminoethane (0.362 g, 6.03 mmol) and Et3N (1.22

g, 1.68 cm3, 12.06 mmol) in thf (100 cm3), was added a thf (20 cm3) solution of

phosphorochloridic acid diphenyl ester (3.24 g, 2.5 cm3, 12.06 mmol) over 2 hrs.

The stirring was continued for a further hour. The colourless precipitate formed

was filtered off and the solvent removed to give a colourless solid. This was

recrystallised was from DCM and hexane to give the desired compound as a fine

colourless crystalline solid which was collected by filtration and dried in vacuo.

Yield 2.5 g (79 %); mp = 134 °C; Rf (7 % EtOH in DCM): 45.0; *H NMR

(CDCls) 6: 3.26 (m, 4H, Hb), 4.18 (m, 2H, Ha), 7.25 - 7.44 (m, 20H, Ar H); 13C-

{'H} NMR (CDC13) 5: 42.9 (d, 2JC-p = 5 Hz, CH2, Cb), 120.1 (d, J = 5 Hz), 125.0

(d, J= 1 Hz), 129.7, 150.6 (d, J= 7 Hz); 31P-{'H} NMR (CDC13) 5: 0.66 ppm;

FTIR (KBr disk): 3054m, 2887m, 1590s, 1490s, 1470s, 1452m, 1310w, 1249vs,

1165m, 1192vs, 1125vs, 1072m, 1026m, 1005m, 995vs, 905m, 777m, 752s,

687m, 654w, 617w, 594w; EI mass spectrum: m/z: 525.3 [M+H]; Microanalysis

expected for C26H26N2O6P2 C: 59.54, H: 4.99, N: 5.34, measured C: 59.34, H:

4.58, N: 5.34.

3-Diphenvlphosphanyl-propvlamine. 20

A liquid ammonia solution (150 cmJ) containing the colourless solid

triphenylphosphine (15.0 g. 57.19 mmol) and freshly cut sodium metal (2.63 g,

115 mmol) was stirred for 3 hrs at -78 °C. To the resulting red/orange solution
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was added H2NCH2CH2CH2C1HC1 (7.5 g, 57.69 mmol) and thf (150 cm3) in

portions. After 2 hrs stirring at -78 °C the liquid ammonia was allowed to slowly

evaporate. The resulting thf solution was refluxed for 8 hrs. The solvent was

removed in vacuo and the desired product was obtained by distillation of the

residue at 150 - 160 °C under reduced pressure to give the desired compound as a

yellow clear viscous liquid. Yield 11.13 g (80.0 %); 'H NMR (CDCI3) 5: 1.39 (br

s, 2H, Ha), 1.59 (m, 2R Hc), 2.07 (m, 2H, Hd), 2.77 (t, 3JH.H = 7 Hz, 2H. Hb),

7.29-7.45 (m, 10H, Ar H); '^-{'H} NMR (CDC13) 5: 24. 7 (d, J= 12 Hz), 29.5

(d, J= 15 Hz), 42.7 (d, J = 14 Hz), 127.7 (d, T = 7 Hz), 127.8 132.0 (d, J= 18

Hz), 138.2 (d, 'Jc-p = 13 Hz); 31P-{1H} NMR (CDC13) 5: -15.0 ppm.

3-(Diphenvl-phosphinovl)-propylamine. 21

To a stirring solution of 3-diphenylphosphanyl-propylamine, 20 (7.73 g, 31.77

mmol) in DCM (50 cm3) at 0 °C was added urea hydrogen peroxide - adduct

(3.28 g, 34.95 mmol). The resulting suspension was allowed to warm to room

temperature with stirring for 30 mins. The suspension was then washed with

water (3x15 cm3) before being dried over MgSC>4. The desired compound was

obtained as a clear colourless oil. Yield 8.23 g (100 %); !H NMR (CDCI3) §:

1.66 (br s, 2H, Ha), 1.76 (m, 2H, Hc), 2.33 (m, 2H, Hd), 2.78 (t, J = 7 Hz, 2H,

Hb), 7.42 - 7.53 (m, 6H, Ar H), 7.69 - 7.77 (m, 4H, Ar H); ^C-l'H} NMR

(CDCI3) 5: 25.3 (d, 2JC-p = 4 Hz, CH2, Cc), 27.6 (d, lJc.P = 72 Hz, CH2, Cd), 42.8
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(d, 3JC-p = 15 Hz, CH2, Cb), 128.6 (d, VC-p = 12 Hz), 130.7 (d, 2JC.P = 9 Hz),

131.6 (d, 4Jc.p - 3 Hz), 132.9. (d, lJc.P = 99 Hz); 31P-{'H} NMR (CDC13) 5: 33.7

ppm; EI +ve MS: m/z 260.1 [M+H], Microanalysis expected for CisHigNPO C:

69.47, H: 7.00, N: 5.40, measured C: 68.32, H: 6.62, N: 5.07.

3-(diphenyl-phosphinothioyl)-propylamine. 22

To a stirring solution of 3-diphenylphosphanyl-propylamine, 20 (4.39 g, 18.08

mmol) in DCM (50 cmJ) at 0 °C was added elemental sulfur (0.58 g, 18.08

mmol). The resulting suspension was allowed to warm to room temperature with

stirring for 30 mins. The colourless solution was filtered through Celite and the

solvent removed in vacuo to give the desired compound as a colourless solid.

Yield 8.23 g (100 %); mp = 52 °C; ]H NMR (CDC13) 6: 1.34 (br s, 2H, Ha), 1.75

(m, 2H, Hc), 2.51 (m, 2H, Hd), 2.75 (t, J = 7 Hz, 2H, Hb), 7.39 - 7.50 (m, 6H, Ar

H), 7.78 - 7.87 (m, 4H, Ar H); ^C^'H} NMR (CDC13) 5: 26.2 (d, 2JC-p = 3 Hz,

CH2, Cc), 30.0 (d, 'Jc-p = 58 Hz, CH2, Cd), 42.6 (d, 3JC-p = 17, CH2, Cb), 128.5 (d,

3Jc-p = 12 Hz), 130.9 (d, 2JC-p = 10 Hz), 131.3 (d, 4JC.P = 3 Hz), 132.7. (d, 'jC-P =

80 Hz); 31P-{1H} NMR (CDC13) 6: 44 ppm; Acc mass EI calculated for

Ci5H18NPS 276.0976 [M+H], measured 276.0976 [M+H]; Microanalysis

expected for CisHisNPS C: 65.43, H: 6.59, N: 5.09, measured C: 64.32, H: 6.62,

N: 4.94.
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3-(Diphenvl-phosphinoseleno)-propylamine. 23

To a stirring solution of 3-diphenylphosphanyl-propylamine, 20 (4.47 g, 18.37

mmol) in DCM (50 cm3) at 0 °C was added elemental selenium (1.45 g, 18.37

mmol). The resulting suspension was allowed to warm to room temperature with

stirring for 30 mins. The colourless solution was filtered through Celite and the

solvent removed in vacuo to give the desired compound as a colourless

crystalline solid. Yield 5.8 g (98 %); 'H NMR (CDC13) 5: 1.29 (br s, 2H, Ha),

1.75 (m, 2H, Hc), 2.64 (m, 2H, Hd), 2.78 (t, J = 7 Hz, 2H, Hb), 7.4 - 7.50 (m, 6H,

Ar H), 7.79 - 7.87 (m, 4H, Ar H); ^C-l'H} NMR (CDC13) 5: 27.1 (CH2, Cc)

30.0 (d, XJC-p = 50 Hz, CH2, Cd), 42.5 (d, 2JC.P = 17 Hz, CH2, Cb), 128.6 (d, 3JC-p
= 11 Hz), 130.7 (d, 2JC-p = 9 Hz), 131.6 (d, Vc-p = 3 Hz), 133.3 (d, ]JC.P = 71 Hz);

31P-{'H} NMR (CDCI3) 6: 35.4 (1JP=Se = 720 Hz); Acc EI mass calculated for

C]5H18NPSe 324.0420 [M+H], measured 324.0419 [M+H]; Microanalysis

expected for C^HisNPSe C: 55.72, H: 5.62, N: 4.33, measured C: 55.14, H:

5.43, N: 4.01; Crystals suitable for X-Ray crystallography were obtained by

removal of the solvent.
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To a stirring solution of 3-(diphenyl-phosphinoyl)-propylamine, 21 (1.57 g,

6.055 mmol) and Et3N (0.613 g, 0.84 cm3, 6.055 mmol) in thf (50 cm3) at room

temperature was added a solution of diphenylphosphinic acid chloride (1.43 g,

1.15 cm3, 6.055 mmol) in thf (10 cm3) over a period of 1 hr and stirring

continued for a further hour. The colourless precipitate formed was filtered from

the reaction mixture. The solvent was removed in vacuo before the desired

compound was obtained after column chromatography (10 % EtOH in DCM)

The compound was then recrystallised from DCM and hexane to give the desired

compound as a colourless, fine crystalline solid. Yield 2.08 g (78 %); mp = 178 -

179 °C; Rf (10 % EtOH in DCM) = 42 %; 'H NMR (CDC13) 6: 1.86 (m, 2H, Hc),

2.39 (m, 2H, Hd), 3.06 (m, 2H, Hb), 3.63 (m, 1H, Ha), 7.38 - 7.52 (m, 12H, Ar

H), 7.67 - 7.87 (m, 8H, Ar H); ^C-l'H} NMR (CDC13) 5: 24.3 (CH2, Cc), 27.0

(d, lJc.P = 72 Hz, CH2, Cd), 41.2 (d, 3JC-p = 14 Hz, CH2, Cb), 128.5 (d, 3JC-p = 13

Hz), 128.6 (d, 3JC-p = 12 Hz), 130.7 (d, 2JC.P = 9 Hz), 131.7 (2 d, VC-p - 3 Hz),

131.9 (d, 2JC-p = 10 Hz), 132.6 (d, 'Jc-p = 97 Hz), 132.7 (d, lJC-p = 129 Hz); 31P-

{'H} NMR (CDCI3): 24.9 (P-N), 34.0 (P-C); EI mass spectrum: m/z 460.2

[M+H]; FTIR (KBr disk): 3432m br, 3218m, 3054m, 2931m, 1964w, 1896w,

1823w, 1777w, 1648m, 1591w, 1482m, 1438vs, 1312w, 1269w, 1180vs, 1176vs,

1125vs, 1071s, 1025m, 997m, 923w, 887m, 820w, 789m, 741s, 726s, 694vs,
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560vs, 542m, 531m, 507m; Microanalysis expected for C27H27NO2P2 C: 70.58,

H: 5.92, N: 3.05, measured C: 70.27, H: 6.19, N: 3.00. Crystals suitable for X-

Ray crystallography were obtained by layering a CDCI3 solution of the

compound with hexane.

25

To a stirring solution of 3-(diphenyl-phosphinoyl)-propylamine, 21 (1.55 g, 5.98

mmol) and Et3N (0.604 g, 0.83 cm3, 5.98 mmol) in thf (50 cm3) at room

temperature was added a solution of diphenyl-phosphinothioic acid chloride

(1.51 g, 5.98 mmol) in thf (10 cm3) over a period of 1 hr. The mixture was stirred

for 1 hr. The colourless precipitate formed was filtered from the reaction mixture.

The solvent was removed in vacuo and the desired compound was obtained after

column chromatography (7 % EtOH in DCM). The compound was then

recrystallised from DCM and hexane to give a colourless, fine solid. Yield 2.3 g

(81 %); mp = 146 °C; ]H NMR (CDCI3) 6: 1.89 (m, 2H, Hc), 2.35 (m, 2H, Hd),

3.07 (m, 2H, Hb), 3.28 (m, 1H, Ha), 7.36 - 7.53 (m, 12H, Ar H), 7.65 - 7.72 (m,

4H, Ar H), 7.89 -7.96 (m, 4H, Ar H); ^C-l'H} NMR (CDC13) 5: 23.6 (d, 2Jc-p =

9 Hz, CH2, Co), 27.4 (d, 'jC-p = 73 Hz, CH2, Cd), 41.7 (d, 3JC-p = 13 Hz, CH2, Cb),

128.4 (d, 3Jc-p = 13 Hz), 128.7 (d, 3JC-p = 12 Hz), 130.7 (d, 2JC.P = 9 Hz), 131.5
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(d, Vc-P = 10 Hz ), 131.5 (d, Vc-P = 3 Hz), 131.8 (d, VC-p = 3 Hz), 132.5 (d, XJC.?
= 99 Hz), 134.2 (d, 'jC-p = 102 Hz); 31P-{*H} NMR (CDC13) 8: 33.9 (P-C), 60.4

(P-N); FTIR (KBr disk): 3440m br, 3192m, 3052w, 2947w, 2861 w, 1590w,

1481w, 1437s, 1310m,1213m, 1176vs, 1170m, 1111m, 1073m, 1018m, 997m,

895m, 810w, 786w, 741m, 720s, 692vs, 632s, 614m, 548vs, 519m, 496m; EI

mass spectrum: m/z: 476.2 [M+H]; Microanalysis expected for C27H27NOSP2 C:

68.17, H: 5.72, N: 2.95, S: 6.74, measured C: 68.15, H: 5.58, N: 2.84, S: 6.52;

Crystals suitable for X-Ray crystallography were obtained by layering a CDCI3

solution of the compound with hexane.

26

To a stirring solution of 3-(diphenyl-phosphinoyl)-propylamine, 21 (1.87 g, 7.21

mmol) and Et3N (0.73 g, 1.0 cm3, 7.21 mmol) in thf (50 cm3) at room

temperature was added a solution of diphenyl-phosphinoselenoic acid chloride

(2.16 g, 7.21 mmol) in thf (10 cm ) over a period of 1 hr. The mixture was stirred

for a further hr. The colourless precipitate formed was filtered from the reaction

mixture. The solvent was removed in vacuo before the desired compound was

obtained after column chromatography (7 % EtOH in DCM) The compound was

then recrystallised from DCM and hexane to give a colourless fine solid. Yield
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3.17 g (84 %); mp = 125 - 126 °C; 'H NMR (CDC13) 8: 1.89 (m, 2H, Hc), 2.36

(m, 2H, Hd), 3.06 (m, 2H, Hb), 3.30 (m, 1H, Ha), 7.36 - 7.55 (m, 12H, Ar H),

7.65 - 7.72 (m, 4H, Ar H), 7.89 - 7.97 (m, 4H, Ar H); NMR (CDC13) 8:

23.3 (d, 2JC-p = 9 Hz, CH2, Cc), 27.5 (d, lJc.P = 72 Hz, CH2, Cd), 42.6 (d, 2JC-p -

13 Hz, CH2, Cb), 128.3 (d, 3JC-p = 13 Hz), 128.7 (d, 3JC-p = 12 Hz), 130.7 (d, 2JC.?
- 9 Hz), 131.6 (d, 2JC-p = 11 Hz), 131.6 (d, VC-p = 3 Hz), 131.8 (d, VC-p = 3 Hz),

132.5 (d, 'Jc-p = 99 Hz), 132.8 (d, VC-p = 92 Hz); 31P-{'H} NMR (CDC13) 8: 33.9

(P-C), 57.9 (P-N, VP=se = 747 Hz); FTIR (KBr disk): 3449w br, 3205m br,

3048m, 2862w, 1964w, 1893w, 1814w, 1480w, 1436s, 1405m, 1320m, 1268w,

1187vs, 1120m, 1102m, 1167m, 1019m, 97m, 930w, 879m, 823w, 77lw, 737m,

747s, 716s, 696vs, 648m, 548vs, 515m, 496m; ES mass spectrum: m/z 523.1

[M]+; Microanalysis expected for C27H27NOP2Se C: 62.07, H: 5.21, N: 2.68,

measured C: 62.08, H: 4.89, N: 2.52; Crystals suitable for X-Ray crystallography

were obtained by layering a CDCI3 solution of the compound with hexane.

27

To a stirring solution of 3-(diphenyl-phosphinothioyl)-propylamine, 22 (1.33 g,

4.83 mmol) and Et3N (0.49 g, 0.67 cm3, 4.83 mmol) in thf (50 cm3) at room

temperature was added a solution of diphenylphosphinic acid chloride (1.14 g,
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0.92 cm3, 4.83 mmol) in thf (10 cm3) over a period of 1 hr. The mixture was

stirred for a further hr. The colourless precipitate formed was filtered from the

reaction mixture. The solvent was removed in vacuo before the desired

compound was obtained after column chromatography (6 % EtOH in DCM) The

compound was then recrystallised from DCM and hexane to give a colourless

fine solid. Yield 1.51 g (66 %); mp = 146 °C; Rf (6 % EtOH in DCM) = 39.5 %;

'H NMR (CDC13) 5: 1.85 (m, 2H, Hc), 2.57 (m, 2H, Hd), 3.06 (m, 3H, Ha and

Hb), 7.35 - 7.51 (m, 12H, Ar H), 7.78 - 7.87 (m, 8H, Ar H); ^C-l'H} NMR

(CDC13) 8: 24.9 (CH2, Cc), 29.6 (d, XJC.p = 57 Hz, CH2, Cd), 41.2 (d, 3JC-p = 16

Hz, CH2, Cb), 128.5 (d, 3JC-p = 13 Hz), 128.6 (d, 3JC-p = 12 Hz), 131.0 (d, 2JC.P =

10 Hz), 131.4 (d, Vc-P = 3 Hz), 131.8 (d, VC-p = 3 Hz), 132.0 (d, 2JC.P = 10 Hz),

132.7. (d, 'Jc-p = 80 Hz), 132.7 (d, 'jC-p = 129 Hz); 31P-{'H} NMR (CDC13) 5:

25.0 (P-N), 43.8 (P-C); FTIR (KBr disk): 3448w br, 3345m, 305lw, 2930w,

1965w, 1902w, 1826w, 1590w, 1481m, 1437vs, 1400m, 1312m, 1263m, 1194vs,

1154m, 1106m, 1078m, 1029w, 997w, 933w, 879m, 818w, 785m, 711m, 724s,

693vs, 623vs, 623m, 612m, 573m, 546m, 512m, 494m; Acc mass ES calculated

for C27H27NOP2S 476.1367 [M+H], measured 476.1372 [M+H]; Microanalysis

expected for C27H27NOSP2 C: 68.17, H: 5.72, N: 2.95, S: 6.74 measured C:

67.17, H: 5.72, N: 2.88, S: 6.55.
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To a stirring solution of 3-(diphenyl-phosphinoseleno)-propylamine, 23 (1.48 g,

4.58 mmol) and Et2N (0.47 g, 0.647 cm3, 4.64 mmol) in thf (50 cm3) at room

temperature was added a solution of diphenylphosphinic acid chloride (1.09 g,

4.60 mmol) in thf (10 cm3) over a period of 1 hr. The mixture was stirred for a

further hr. The colourless precipitate formed was filtered from the reaction

mixture. The solvent was removed in vacuo before the desired compound was

obtained after column chromatography (6 % EtOH in DCM) The compound was

then recrystallised from DCM and hexane to give a colourless fine solid. Yield

2.08 g (87 %); mp = 132 - 133 °C; Rf (6 % EtOH in DCM) = 50 %; [H NMR

(CDCI3) 5: 1.83 (m, 2H, Hc), 2.67 (m, 2H, Hd), 3.06 (m, 3H, Ha and Hb), 7.37 -

7.51 (m, 12H, Ar H), 7.77 - 7.86 (m, 8H, Ar H); NMR (CDC13) 5: 25.6

(d, 2JC-p = 8 Hz, CH2, Cc), 29.5 (d, 'jC-p = 51 Hz, CH2, Cd), 40.9 (d, 3JC-p = 18

Hz, CH2, Cb), 128.5 (d, 3JC-p = 13 Hz), 128.7 (d, 3JC-p = 12 Hz), 131.2 (d, XJC-p =

72 Hz), 131.5 (d, 2JC-p = 10 Hz), 131.5 (d, Vc-p = 3 Hz), 131.8 (d, 4JC.P = 3 Hz),

132.0 (d, 2JC-p = 10 Hz), 132.1 (d, 'jC-p = 129 Hz); 31P-{'H} NMR (CDC13) 5:

25.0 (P-N), 35.5 (P-C, 'jp=se = 720 Hz); FTIR (KBr disk): 3435w br, 3343m,

3050m, 2929w, 2868w, 1966w, 1902w, 1827w, 1589w, 1481m, 1469w, 1436vs,

1399m, 1337w, 1311w, 1262w, 1193vs, 1153m, 1123s, 1103s, 1072s, 1029m,
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997m, 932w, 876m, 818w, 773m, 749m, 723s, 693s, 617w, 576m, 548s, 528m,

499m, 488m, 449w; Acc mass ES calculated for C27H27NOP2Se 524.0811

[M+H], measured 524.0809 [M+H]; Microanalysis expected for C2?H27NOP2Se

C: 62.07, H: 5.21, N: 2.68 measured C: 61.13, H: 5.01, N: 2.61.

29

To a slowly stirring solution of 24 (0.6 g, 1.30 mmol) in CHCI3 (50 cm3) and

Et3N (2.64 g, 3.64 cm3, 26.09 mmol). Two separate solutions of p - xylylene

diamine (1.77 g, 12.99 mmol) in CHCI3 (50 cm3) and isophthaloyl dichloride
■y

(2.65 g, 13.05 mmol) in CHCI3 (50 cm ) were added over 12 hrs using motor

driven syringes at room temperature. The reaction mixture was stirred for a

further 4 hrs then the colourless precipitate filtered off. The filtrate was

•5 -3

concentrated to ca 10 cm . thf (200 cm ) was then added and the resulting

colourless precipitate formed was filtered off. The filtrate was concentrated

under reduced pressure then separated by column chromatography (7% EtOH in

DCM)) to give the desired compound as a fine colourless solid. Yield 193 mg

(15 %); Rf (10 % EtOH in DCM): 60 %; NMR (CDC13) 5: 0.77 (m, 2H, Hc),

1.31 (m, 3H, Ha&d), 1.96 (m, 2H, Hb) 4.22 (br s, 8H, HE), 6.30 (s, 8H, HF), 7.38 -
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7.65 (m, 20H, Ar H), 7.73 (t, 3Jh-h = 8 Hz, 4H, HA), 8.22 (br t, 3Jh-h = 6 Hz, 4H,

Hd), 8.36 (d, 3Jh-h = 8 Hz, 4H, HB), 8.47 (s, 2H, Hc); '^-{'H} NMR (CDC13) 8:

23.4 (CH2, Cc), 23.6 (d, lJc.P = 72 Hz, CH2, Cd), 40.5 (d, 3Jc-p = 7 Hz, CH2, Cb),

43.1 (CH2, Ce), 123.3 (Ar C on macrocycle), 129.2 (d, VC-p = 13 Hz), 129.3 (d,

3Jc-p = 12 Hz), 129.3 (Ar C on macrocycle), 129.4 (Ar C on macrocycle), 129.8

(d, 2JC-p = 9 Hz), 131.4 (d, !JC-p = 87 Hz), 131.6 (d, 2JC-p - 10 Hz), 132.2 (Ar C

on macrocycle), 132.5 (d, VC-p = 3 Hz), 132.8 (d, 4JC.P - 3 Hz), 133.8 (d, lJc.P =

84 Hz), 134.4 (Ar ipso-C of macrocycle), 138.8 (Ar ipso-C of macrocycle), 166.6

(C=0 of macrocycle); 31P-{!H} NMR (CDC13) 8: 27.1 (P-N), 35.4 (P-C); FTIR

(KBr disk): 3423s br, 3057w, 2928w, 1647vs, 1542s, 1438m, 1302m br, 1272m

br, 1178m br, 1122m br, 1023m, 998w, 748m, 725s, 698s, 616m, 552m, 545m,

513m br; FAB +ve mass spectrum: m/z 993.5 [M]+; Microanalysis expected for

C59H55N5O6P2 C: 71.42, H: 5.59, N: 7.06 measured C: 70.63, H: 5.18, N: 6.32;

Crystals suitable for X-Ray crystallography were obtained by layering a CDCI3

solution of the compound with hexane.

1.4-Bis-(diphenyl-phosphinoyB-piperazine. 30

QhP
0=P-N N—P=0

d w o
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The colourless solid piperazine (0.451 g, 5.25 mmol) was dissolved in of thf (50

cm ) to which Et3N (1.06 g, 1.46 cm , 10.5 mmol) was added. To this solution

was added a thf (10 cm ) solution of diphenylphosphinic acid chloride (2.48 g,

•3

2.0 cm , 10.5 mmol) over 2 hrs. The solution was stirred for a further hr. The

colourless precipitate formed was filtered and the solvent removed in vacuo to

give the crude compound. This was then recrystallised from DCM and hexane to

give the desired compound as a colourless microcrystalline solid, which was

collected by filtration and dried in vacuo. Yield 2.45 g (96 %); mp = 188 °C; *H

NMR (CDCI3) 6: 3.08 (m, 8H, CH2), 7.39 - 7.51 (m, 12H, Ar H), 7.80 - 7.87 (m,

8H, Ar H); 13C-{'H} NMR (CDC13) 5: 45.2 (d, 'jC-p = B Hz), 128.7 (d, 3JC-p = 13

Hz), 130.8 (d, 'JC-p= 129 Hz), 131.9 (d, VC.P = 3 Hz) 132.3 (d, VC-P = 9 Hz); 31P-

{JH} NMR (CDCI3) 5: 30.7; FTIR (KBr disk): 3512m br, 3433m br, 2954m,

2848m, 2343m, 1484w, 1459m, 1439vs, 1375m, 1315m, 1290w, 1252w, 1242w,

1184vs, 1158s, 1115vs, 1073m, 1050m, 1028m, 996m, 976s, 916m, 895m,

760m, 726s, 711vs, 700vs, 654m, 564m, 552s, 548s, 508m, 444m; Acc mass ES

calculated for C28H28N2P2O2 487.1704 [M+H], measured 487.1702 [M+H];

Microanalysis expected for C28H28N2P2O2 C: 69.11, H: 5.80, N: 5.76, measured

C: 68.94, H: 5.68, N: 5.68.

1,4-Bis-(diphenyl-phosphinoyl)-[l ,41diazepane. 31
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The colourless solid homopiperazine (0.525 g, 5.25 mmol) was dissolved in thf

(50 cm3), to which EtsN (1.06 g, 1.46 cm3, 10.5 mmol) was added. To this

solution was added a thf (10 cm3) solution of diphenylphosphinic acid chloride

(2.48 g, 2.0 cm , 10.5 mmol) over 2 hrs. The solution was stirred for a further hr.

The colourless precipitate formed was filtered and the solvent removed in vacuo

to give the crude compound. This was then recrystallised from DCM and hexane

to give the desired compound as a colourless microcrystalline solid, which was

collected by filtration and dried in vacuo. Yield 2.31 g (88 %); mp =192-193

°C; 'H NMR (CDC13) 8: 1.57 (m, 2H, Hc), 3.14 (m, 4H, Ha), 3.32 (m, 4H, Hb),

7.38 - 7.50 (m, 12H, Ar H), 7.82 - 7.91 (m, 8H, Ar H); 13C-{!H} NMR (CDC13)

5: 31.6 47.7 51.5 (CH2), 128.5 (d, 3JC.P = 13 Hz), 131.7 (d, 'jC-p = 129 Hz),

131.8 (d, 4JC-p = 3 Hz) 132.2 (d, 2JC-p - 9 Hz); 31P-{'H} NMR (CDC13) 5: 31.9;

FTIR (KBr disk): 3513m br, 3430m br, 2950m, 2848m, 2341m, 1484w, 1459m,

1437vs, 1375m, 1315m, 1290w, 1252w, 1242w, 1184vs, 1158s, 1115vs, 1073m,

1050m, 1030m, 992m, 976s, 916m, 895m, 760m, 726s, 711vs, 700vs, 654m,

564m, 552s, 548s, 508m, 444m; Acc mass ES calculated for C29H30N2P2O2

501.1861 [M+H], measured 501.1856 [M+H]; Microanalysis expected for

C29H30N2O2P2 C: 69.59, H: 6.04, N: 5.59, measured C: 69.07, H: 5.73, N: 5.48.
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Chapter 4

The synthesis of amide - phosphine

oxide containing rotaxanes

4.1 Introduction.

In Chapter 2 the synthesis of dipeptide threads that are N terminated with

diphenylphosphino chalcogenides to give the corresponding rotaxanes by

templating macrocyclization was described.

In Chapter 3 the synthesis of amide free threads that template macrocyclization

over the diphosphine dioxide centres with a four-atom spacer group was outlined

In this Chapter we are interested in observing the effects of rotaxination attempts

using threads that contain amide groups and the alkyl phosphine chalcogenides

of the amines 21 - 23 (Scheme 4).

Although Leigh et al have successfully synthesised peptide rotaxanes (Chapter 1,

66), we have successfully demonstrated that a four-atom spacer group between

Pv centres is adequate for templation and macrocyclization, leading to rotaxane

formation.

In these compounds we are interested in observing whether rotaxination occurs,

will macrocyclization occur over the amide groups or be distributed across both

an amide and phosphine oxide groups (as there is a four atom spacer group

between these centres) of the thread.
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ii)

Reagents and conditions: o 0

i) OH", EtOHAVater; HC1. L'J
ii)DCC, DMAP, 21-23, thf.
iii)10 eq. isophthaloyl dichloride & p-xylylene diamine in CHCb, 20 Eq. Et3N.

Scheme 4 Rotaxanes of amide- alkyl phosphine chalcogenide,
dumb-bell shaped components.

34, E=0
35, E=S
36, E=Se

Chapter Four: The synthesis ofamide - phosphine oxide containing rotaxanes 160



Results and Discussion

4.2 Synthesis of (2-diphenylacetylamino-acetylamino)-acetic acid ethyl ester.

Leigh et al have previously reported the synthesis of 32 as a precursor to a thread

in rotaxane synthesis.97 The addition of diphenylacetyl chloride to a solution of

glycylglycine ethyl ester in DCM and triethylamine leads to the formation of 32

with the reaction monitored by tic. The DCM solution is washed with water

before being dried; the solvent is removed before the crude compound is purified

by recrystallisation from toluene to give a colourless crystalline product in 83 %

yield.

Compound 32 is soluble in DCM, CHCI3, thf and toluene but is insoluble in

hexane and Et20 and is stable to moisture and oxygen.

The 'H NMR spectrum of 32 in CDCI3 is shown in Figure 4.

NH protons

LC

b O

H 11
^ v— OCH2CH3

f 8

alkyl protons

L

j II I I I I I 1 I I I I ] I j I I I I | I I II ; I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I M
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Figure 4 *H NMR spectrum of 32.
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From the JH NMR spectrum the exact assignment of the amide protons (Hb and

Ha) and alkyl protons (Hc and He) cannot be made.

The ^C-l'H} NMR spectrum of 32 in CDCI3 is satisfactory.

Selected IR data for compound 32 are shown in Table 4. In the spectrum a strong

band is present at 700 cm"1. This band was noted in compounds 3, 4 and 5 and

results from an amide carbonyl group that is hydrogen bonded.

Table 4. Selected IR data for compound 32.

IR (cm"1)
V(N-H) V(C=0) V(c=0) V(c-O)
amide ester amide ester

3246 1759 1642 1196

The EI mass spectrum of 32 displays the parent ion at m/z = 355 [M+H]+. The

base peak appears at m/z = 309 [M-OEt] +. Notable peaks at m/z = 187 for the

fragment [M-Ph2CH]+ and m/z = 167 for [Ph2CH]+ are also present.

Crystals of 32 suitable for X-Ray diffraction were obtained by layering the NMR

sample (CDCI3) with hexane and allowing slow diffusion of the solvents. Figure

4.1 shows the X-Ray crystal structure of 32.
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Figure 4.1 Crystal structure of 32.

In the solid-state compound 32 exists as a head to tail dimer that is mediated by

two intermolecular hydrogen bonds. This is from the amine proton N(3)-H(3N)

to the oxygen atom 0(35) of the adjacent molecule with a distance of 1.871(8) A

and from amine proton N(33)-H(33) to the oxygen atom 0(5) of the adjacent

molecule with a distance of 1.887(17) A. This carbonyl hydrogen bonding is

consistent with the IR band at 700 cm"1 that suggested such a hydrogen bonding

type interaction is present. Table 4.1 displays selected bond lengths and angles

for compound 32.

Table 4.1 Selected bond lengths (A) and angles (°) for compound 32.

C(l)-C(2) 1.539(8)
C(2)-0(2) 1.225(6)
C(5)-0(5) 1.226(6)
C(8)-0(8) 1.192(7)
C(8)-0(9) 1.345(7)

C(12)-C(l)-C(18) 114.1(5)
0(2)-C(2)-N(3) 122.1(5)
0(5)-C(5)-N(6) 124.0(5)
0(8)-C(8)-0(9) 120.6(6)
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4.2.1 Synthesis of (2-diphenylacetylamino-acetylamino)-acetic acid.

The base promoted ester hydrolysis142 of 32 was carried out in a refluxing,

solvent-mixture of EtOH and water with NaOH. The reaction progress was

monitored by tic and the carboxylate salt prepared is seen on the baseline as it is

very polar. Removal of the EtOH under reduced pressure and washing of the

aqueous layer with DCM leaves the carboxylate salt. Acidification to pH 2 led to

the free acid precipitating from the solution as a colourless solid, this was

collected by filtration, further washed with water and dried to give the acid in 89

% yield.

Compound 33 is soluble in thf and DMSO. It is sparingly soluble in DCM and

CHCI3 and is insoluble in Et20 and hexane.

The !H NMR spectrum of 33 in Dg-DMSO is shown in Figure 4.2.

alkyl protons

NH protons

II
13.0

1 ! 1 ; 1 1 ! ■
12.0 11.5

"I"
10.0

11" '11'
6.5 6.0

Figure 4.2 'H NMR spectrum of 33.
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From the 'H NMR spectrum the alkyl proton Ha appears at 5.08 ppm with

approximately the same chemical shift as in the spectrum for compound 32. The

alkyl protons (Hc and He) appear as two doublets very close together at

approximately 3.78 ppm this is to a lower frequency than that observed in the

spectrum for compound 32. The amide protons (Hb and Hd) appear at higher

frequency as triplets at 8.23 and 8.49 ppm. The carboxylic acid proton appears as

a broad peak at 12.62 ppm.

The 13C-{'H} NMR spectrum of 33 in D6-DMSO is satisfactory and the chemical

shifts are displayed in Table 4.2. The ipso aromatic carbon is determined from

pendant NMR experiments.

Table 4.2 13C-{!H} NMR shifts for 33.

0 d 0
L 1 II H II

lit " 0
a 56.1

c or e 40.5 or 41.8
Aromatic 126.5, 128.1, 128.5

ipso 140.3
C=0 168.9 171.1 171.3

In the IR spectrum of 33 a very broad band of medium intensity is observed at

3358 cm"1. The C=0 stretch of the acid appears at 1717 cm"1 (from 1759 cm"1 of

the ester 32) and is broad indicating an associated carboxylic acid, these

frequencies are characteristic for carboxylic acids.143 A strong band is present at

708 and 696 cm"1. This band has been noted previously and results from an

amide group that is hydrogen bonded. Selected IR data for 33 are displayed in

Table 4.3.
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Table 4.3 Selected IR data for compound 33.

IR (cm"1)
V(O-H) V(c=0) V(C=0) V(c-O) S(O-H)

acid amide

3358 1717 1629 1453 1256

The EI mass spectrum of 33 displays the parent ion at m/z = 327 [M+H] \

4.2.2 Synthesis ofdumb-bell shaped components 34 - 36.

The synthesis of the threads 34 - 36 is achieved by the reaction of the carboxylic

acid 33 with the respective amino alkyl phosphines 21 - 23 (Scheme 4.1).

OH DCC, DMAP
thf ~

21.E-0
22. E-S
23. E-Sc

Scheme 4.1 Synthesis of threads 34 - 36.

The reactions were performed in thf solutions using N,N'~

dicyclohexylcarbodiimide (DCC) and the catalyst 4-(dimethylamino)pyridine

(DMAP). The DCC promotes the condensation reaction of the acid and amine to

give the corresponding amide as outlined in Scheme 4.2. The use of DCC for

such coupling reactions has been used extensively in peptide synthesis.144 The

reactions were monitored by tic.
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Step 1 The carboxylic acid adds to a double bond of the DCC to give an O-acylisourea.

NR
II

Ri O—H VR

Carboxylic acid DCC

9 r
R| ° AnR

O

A-«
nr

dsIHR

O-Acylisourea

Step 2 The amine adds to the carbonyl group of the O-acylisourea. to giva a tetrahedral intermediate.

nr

r2— nh2 i vnhr

Amine O-Acylisourea

oh

ri \ o>-<
nr

^ ^HR
*2

Tetrahedral intermediate

Step 3 Tetrahedral intermediate dissociation to amide.

h

(?A (A
O

r A -R2
0A

nhr

Amide

nhr

VW-Dicyclohexylurea

//RA \ 0-
™ nmhr
r2

r = cyclohexyl
Rj = Acid fragment
r2 = Amine fragment

Scheme 4.2 Amide bond formation promoted by DCC
from a carboxylic acid and an amine.

In the first stage of the reaction, the carboxylic acid 33 adds to one of the double

bonds of the DCC to give an O-acylisourea. The O-acylisourea structurally

resembles carboxylic acid anhydrides, which are powerful acylating agents. In

the second stage nucleophilic attack of the respective amine (21 - 23) on the

acylating agent gives a tetrahedral intermediate. In the final stage of the reaction

the tetrahedral intermediate dissociates to the respective amide (34 - 36) and the

insoluble N, N '-dicyclohexylurea. After filtration of the 7v, N '-dicyclohexylurea

from the reaction mixture the compounds 34 - 36 were isolated after column

chromatography in yields of up to 67 % as fine colourless solids.
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The compounds 34 - 36 are soluble in DCM, CHCI3, less soluble in thf and

sparingly soluble in toluene but are insoluble in hexane and Et20.

34 and 35 are oxygen and moisture stable, while 36 is sensitive to oxygen and

slowly deposits red selenium after being exposed to the atmosphere for a few

days.

The 'if NMR spectra of 34 - 36 in CDCI3 are satisfactory and the chemical shifts

are displayed in Table 4.4. In the 'H NMR spectra the alkyl protons (Hc and He)

and amide protons (Hb and Hd) can be located from correlated 'H-'H

spectroscopy although their exact assignment cannot be made. The protons Hf.j

are identified by correlated 'H-'H spectroscopy and correlated jlP-'H

spectroscopy. It can be seen that upon increasing the electronegativity of the

chalcogen atom E the chemical shift of the proton Hi appears at lower frequency.

This is consistent with the 'H NMR data for the respective amines 21 - 23. The

chemical shift of Hh and Hg show no significant difference by altering E. Proton

Hf appears in the region 6.71 - 7.74 (in compound 36 it is within the multiplet of

aromatic protons) and Hfis identified by correlated 'H-'H NMR spectroscopy.
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Table 4.4 'H Chemical shifts observed in compounds 34 - 36.

AA 0 d 0 AA

i H n « H h i

rc " ° ' A
34, E=0
35, E=S
36, E=Se

34 35 36
a 4.94 4.99 5.04
b 6.84 or 7.91 6.79 or 6.81 7.43 - 7.55 or

7.82 - 7.9
c 3.89 or 4.02 3.82 or 3.91 3.86 or 3.91
d 6.84 or 7.91 6.79 or 6.81 7.43 -7.55 or

7.82-7.9
e 3.89 or 4.02 3.82 or 3.91 3.86 or 3.91
f 7.74 6.71 7.43 - 7.55

g 3.28 3.24 3.26
h 1.79 1.75 1.76
i 2.34 2.46 2.62

Aromatic
7.20-7.31 (10 H)
7.45 - 7.68 (10 H)

7.23 - 7.35 (10 H)
7.42 - 7.54 (6 H)
7.78 - 7.85 (4 H)

7.23 -7.36 (10 H)
7.43 - 7.55 (6 H)
7.82 - 7.9 (4 H)

The 13C-{1H} NMR spectra of compounds 34 (CDCI3), 35 and 36 (CDCI3 / D6-

DMSO) are satisfactory and the chemical shifts are displayed in Table 4.5. Upon

forming the amide bond the chemical shift of Cg appears at approximately 3 ppm

to lower frequency compared to the starting amines. The magnitude of the Jc-p

coupling constants for 34, 35 and 36 is 15, 17 and 17 Hz compared to 12, 20 and

21 Hz for the respective amines 21 - 23. The chemical shift of Q appears

unchanged in compounds 34 and 35, however in 36 it appears 5 ppm at lower

frequency compared to that of the starting amine. No notable change is observed

in the magnitude of the 2Jc-p coupling constants in these compounds. The

chemical shift of Ch appears approximately 3 ppm lower than frequency in 34
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and 35 and almost 6 ppm lower in 36 compared to the starting amines. The

carbon data for Cg.j are in good agreement with similar compounds.145
n i

Table 4.5 C-{ H} Chemical shifts observed in compounds 34-36.

0 d 0

H h ?\
rY b ° ' r"Y

J P
34, E=0
35, E=S
36, E=Se

34 35 36
a 58.1 56.1 57.3
c 42.9 or 43.5 42.0 or 42.3 42.4 or 43.3
e 42.9 or 43.5 42.0 or 42.3 42.4 or 43.3

g 39.5 (VC-P = 12 Hz) 38.8 (Vc-p ~ 20 Hz) 39.1 (Vc.p = 21 Hz)
h 22.3 22.0 (VC.P = 2 Hz) 22.8
i 26.8 (Vc-p = 71 Hz) 28.3 (Vc-p = 58 Hz) 24.8 (VC-p = 52 Hz)

Aromatic

127.1 (Ar para-C)
128.5 128.7 (ArC)

128.8 (Vc-p= 12 Hz)
130.6 (Vc-p = 10 Hz)
131.8 (1JC-p = 99 Hz)
132.0 (Vc-p = 3 Hz)
139.2 (Ar ipso-C)

126.5 (Ar para-C)
128.1 128.5 (ArC)

128.6 (VC-P= 11 Hz)
130.7 (2Jc-p = 10 Hz)
131.4 (Vc-p = 3 Hz)

132.6 (Vc-p = 79 Hz)
140.3 (Ar ipso-C)

126.5 (Arpara-C)
128.0 (Ar C)

128.2 (Vc-p= 11 Hz)
128.3 (ArC)

130.8 (Vc-p = 72 Hz)
131.4 (Vc-p = 10 Hz)
131.5 (Vc-p = 3 Hz)
139.0 (Ar ipso-C)

C=0 169.1
169.7
172.8

168.5
169.1
171.6

168.5
169.1
172.5

Upon forming the amide bond the 31P-{IH} NMR spectrum (CDCI3) for the

compounds 34 - 36 shows singlets at 36.2, 44.1 and 35.4 ppm respectively.

Compound 34 shows a higher frequency shift of approximately 2.5 ppm higher

to that of the amine 21, whilst compounds 35 and 36 show no differences in their

chemical shifts compared to the amines 22 and 23. Compound 36 displays

selenium satellites ('jp=se = 720 Hz) which is unchanged from the amine 23.

Selected IR data for the compounds 34 - 36 are shown in Table 4.6.
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Table 4.6 Selected IR data (cm"1) for compound 34 - 36.

IR (cm"1)
V(N-H) V(c=0)

amide

V(P=E) V(P-C)
Aromatic

V(P-C)
Aliphatic

34 3271 1655 1170 1105 998
35 3302 1633 567 1106 1000
36 3304 1633 531 1103 1102

In the IR the spectra of the compounds 34 - 36 the N-H stretch in the region 3300

cm"1 is a broad band of medium intensity. All the spectra display a peak in the

region 700 cm"1 of medium intensity; this is typical of a carbonyl group that is

hydrogen bonded.146

The EI mass spectrum of compound 34 displays the parent ion at m/z = 567 for

the molecular ion [M]+. The base peak appears at m/z = 167 for the fragment

[Ph2CH]+. Notable peaks are observed at 201 [Ph2P(0)]+ and 77 [Ph]+. The EI

mass spectrum of compound 35 displays the parent ion at m/z = 583 for the

molecular ion [M]+. The base peak appears at m/z = 167 for the fragment

[Ph2CH]+. Notable peaks are observed at 217 [Ph2P(0)]+ and 77 [Ph]+. The FAB

mass spectrum of 36 displays the parent ion at m/z = 633 [M]+. The base peak

appears at m/z =167 for the fragment [Ph2CH]+. A notable peak is observed at

553 [M-Sef.

Crystals of 34 suitable for X-Ray crystallography were obtained by slow

evaporation of the CDCI3 from the NMR sample. Figure 4.3 shows the crystal

structure of 34.
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Figure 4.3 X-Ray crystal structure of 34.

The crystal structure shows a linear alkyl backbone from the amino phosphine

moiety. There is an intramolecular hydrogen bonding from the amine proton

N(8)-H(8A) to the carbonyl oxygen 0(6) with a distance of 2.32(1) A. Selected

bond lengths and angles for 34 are displayed in Table 4.7.

Table 4.7 Selected bond lengths (A) and angles (°) for compound 34.

P(l)-0(1) 1.475(7)
P(l)-C(2) 1.785(10)
C(6)-0(6) 1.242(10)
C(9)-0(9) 1.196(10)

C(12)-0(12) 1.203(13)
C(4)-N(5) 1.453(10)

0(1)-P(1)-C(2) 114.9(5)
0(6)-C(6)-N(5) 123.6(8)
0(9)-C(9)-N(8) 124.6(8)

0(12)-C(12)-N(11) 122.4(10)

Although numerous attempts were made to obtain crystals of 35 and 36 suitable

for X-Ray crystallography, the crystals obtained were always fine and feathery

and were unsuitable.
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4.2.3 Rotaxination attempts involving 34 - 36.

Attempts were made to rotaxinate the threads 34 - 36 under the same reaction

conditions outlined previously and the compounds gave the corresponding [2]

rotaxanes 37 - 39.

Rotaxination is performed by the slow addition of solutions of the macrocyclic

components /?-xylylene diamine and isophthaloyl dichloride to a slowly stirring

chloroform and triethylamine solution of the dumb-bell shaped component. The

macrocyclic components are added as separate chloroform solutions by slow

addition using motor driven syringe pumps with the addition of 50 cm3 solutions

over 12 hrs with stirring continued for a further 4 hrs at room temperature. As the

addition proceeds, precipitation of the [2] catenane is seen almost immediately.

The [2] rotaxanes were all isolated after column chromatography in yields of 23

- 30 % as colourless solids.

By comparing the Rf values of the dumb-bell shaped components and the

respective rotaxanes it can be seen that the rotaxanes are less polar than the

respective threads. Rotaxane 34 (E=0) is more polar than the corresponding

sulfur and selenium analogues (35 and 36) that have similar Rf values.

The rotaxanes are soluble in DCM, CHCI3 and less soluble in thf. They are

insoluble in Et20 and hexane. 37 - 39 are the least soluble rotaxanes synthesised

and a 5 mg CDCI3 sample for NMR analysis provides a concentrated solution.

The rotaxanes 37 and 38 are stable to moisture and oxygen, whilst rotaxane 39 is

sensitive to oxygen and deposits red selenium after being exposed to the

atmosphere for a few days.

The 'H NMR spectra for the rotaxanes 37 - 39 are satisfactory. Assignment of the

macrocyclic protons is achieved by correlating with other rotaxanes.100'108
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By comparing the 'H NMR (CDCI3) spectra of the dumb-bell shaped component

34 and the [2] rotaxane 37 (Figure 4.4) it is seen that all the protons of the dumb¬

bell backbone appear at lower frequency in the rotaxane indicating that these
• 07

protons are shielded by the aromatic sheath of the macrocycle. However this

does not explain why all the protons appear at lower frequency unless the

macrocycle is rapidly shuttling from the diamide station to the amide-phosphine

oxide station in solution. By comparing the !H NMR spectra of the dumb-bell

shaped component 35 (CDCI3) and the [2] rotaxane 38 (CDCI3/D6-DMSO)

(Figure 4.5) it is seen that all the protons Hg.j and Hc e appear at lower frequency.,

while the amine protons Hb,d&f all appear at higher frequency. No assumption on

the location of the macrocycle can be made, as the chemical shifts are solvent

dependent. By comparing the !H NMR spectra of the dumb-bell shaped

component 36 (CDCI3) and the [2] rotaxane 39 (CDCI3/D6-DMSO) (Figure 4.6)

it is seen that all the protons Hg.j and Hc>e appear at lower frequency while the

amine protons Hb,d&f show no notable change. No assumption on the location of

the macrocycle can be made, as the chemical shifts are solvent dependent.
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Figure 4.4 *H NMR (CDCI3) spectra of 34 and 37.
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Figure 4.5 'H NMR spectra of 35 and 38.
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Figure 4.6 'H NMR spectra of 36 and 39.
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The ^C-^H} NMR spectra of the [2] rotaxanes 37 - 39 are satisfactory. Upon

close examination of the aromatic region and carbonyl region the chemical shifts

of the macrocyclic carbons can be determined and this is made easier by the

relative intensity of the signals as the macrocyclic peaks are more intense. No

notable change is observed in the chemical shifts of the thread's carbon signals

upon rotaxination.

311 •

Upon forming the rotaxanes the P-{ H} NMR spectra show singlets at 36.7,

43.5 and 36.0 ppm respectively, which is unchanged from the chemical shifts of

the threads 34 - 36. The spectrum of 39 displays selenium satellites ('Jp=se = 727

Hz).

In the IR spectra of the rotaxanes a broad N-H band of strong-medium intensity

in the region of 3300 cm"1 this breadth being due to hydrogen bonds within the

rotaxane structure. This broad peak has been observed in the previously

synthesised rotaxanes and by Leigh et al. 47 Very strong bands are also observed

at approximately 1650 cm"1: this is due to the C=0 group vibration; and also at

1533 cm"1 for an N-H deformation. All the other peaks in the IR spectra of the

rotaxanes are of weak to medium intensity compared to these peaks. This was

also observed from the IR spectra of the previously synthesised rotaxanes.

The mass spectra of the rotaxanes are satisfactory. In the FAB mass spectra of

the rotaxanes 37 and 38, molecular ion peaks are present for the macrocycle m/z

= 533 and for the dumb-bell shaped component indicating that fragmentation of

the entire rotaxane must occur resulting in these ions. The same observations are

made from the EI mass spectrum of rotaxane 39.
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Although numerous attempts to obtain crystals of 37 - 39 suitable for X-Ray

crystallography were made, the crystals were always fine-feathery crystals which

were unsuitable.

4.3 Synthesis ofmono amide, mono chalcogenide threads.

Although the synthesis of rotaxanes 37 - 39 proved successful, elucidation of the

position of the macrocycle is uncertain. From the !H NMR experiments of 37,

the lower frequency shift of protons makes it possible that the macrocycle could

be shuttling between alkyl-phosphine/amide & diamide station of the dipeptide.

In an attempt to evaluate if the macrocycle resides over the alkyl-

phosphine/amide station the synthesis and rotaxination attempts of mono amide

containing threads 40 - 42 was made according to Scheme 4.3.

Corresponding rotaxanes.

Reagents and conditions:
i) 10 eq. isophthaloyl dichloride & p-xylylene diamine in CHCI3 20 Eq. Et3N.

Scheme 4.3 Attempted rotaxination of mono-amide, chalcogenide phosphines.

4.3.1 Synthesis ofthreads 40 - 42.

The synthesis of 40 - 42 is achieved by the reaction of diphenylacetyl chloride

with the respective amines 21 - 23 in a DCM solution containing triethylamine.

The reactions were monitored by tic. The formation of amides by this route

proceeds by the nucleophilic addition of the amine to the carbonyl group.

42, E=Se
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Dissociation of the intermediate with the loss of HC1 leads to the amide. The

compounds were isolated by concentration of the DCM solution, column

chromatography and recrystallised from DCM/hexane. The compounds were

then collected by filtration as colourless, crystalline solids in yields of 70 - 77 %.

The compounds 40 - 42 are highly soluble in DCM, CHCI3, thf and toluene but

are insoluble in hexane and Et20. 40 and 41 are oxygen and moisture stable,

while 42 is oxygen sensitive and slowly deposits red selenium after being

exposed to the atmosphere for a few days.

The 'id NMR spectra of 40 - 42 in CDCI3 are satisfactory and appear identical.

The spectrum for 40 is seen in Figure 4.7.
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Figure 4.7 *H NMR spectrum of 40.

Chapter Four: The synthesis ofamide - phosphine oxide containing rotaxanes 1



In all of the ]H NMR spectra of 40 - 42, the signals for Hd and He are split in the
31

same manner, this due to coupling to P and to the adjacent protons. Hc appears

as a quartet and is not coupled to jlP as observed from 3IP-'H correlated

spectroscopy. Table 4.8 displays the proton chemical shifts in 40 - 42. It can be

seen that upon increasing the electronegativity of the chalcogen atom the

chemical shift of the adjacent proton He appears at lower frequency, which is

consistent with the 'H NMR data for the respective amines 21 - 23, whilst

protons Hc and Hd show no significant variations in their chemical shift with

chalcogen atom.

Table 4.8 'H NMR chemical shifts in compounds 40-42.

0
a

0 ^
1 A Aj 1 J

H d

S b A1) 40, E=0 1 1^ 41, E=S
42, E=Se

40 41 42
a 4.88 4.89 4.92
b 7.05 5.89 5.95
c 3.32 3.36 3.39
d 1.74 1.79 1.80
e 2.18 2.40 2.53

Aromatic
7.14-7.27 (10 H)
7.35-7.50 (6 H)
7.55-7.62 (4 H)

7.21-7.33 (10 H)
7.40 - 7.53 (6 H)
7.70 - 7.78 (4 H)

7.23-7.35 (10 H)
7.41-7.53 (6 H)
7.71-7.79 (4 H)

The amide proton Hb appears at 7.05 ppm in compound 40 and approximately

5.9 ppm in 41 and 42. The aromatic protons of the diphenylacetyl group are

observed as a multiplet whereas the aromatic protons from the Pv moiety are split

into two multiplets in the ratio 2 : 3 (o protons : m and p protons).
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The C-{ H} NMR spectra of compounds 40 - 42 in CDCI3 are satisfactory and

the chemical shifts are displayed in Table 4.9. Upon forming the amide bond the

chemical shift of Cc is approximately 3 ppm lower compared to the starting

amines with no notable change in the magnitude of the 3Jc-p coupling constants.

The chemical shift of Ce appears unchanged from the starting amines with no

change in the magnitude of the 1 Jc-p coupling constants. The chemical shift of Cd

is 3 ppm lower in 40 - 42 compared to the starting amines with no change in the

magnitude of the Jc-p coupling constants.

These changes in the chemical shifts are consistent with those observed in

compounds 34 - 36 compared to the starting amines 21 - 23.

Table 4.9 '^-{'H} NMR chemical shifts in compounds 40 - 42.

a

O
H c e k

11
-U N

H d |

S b rJ 40, E=0^ 41, E=S ^
42, E=Se

40 41 42
a 58.8 59.1 59.0
c 39.7(VC-p= 12 Hz) 39.5 (Vc-p = 17 Hz) 39.3 ('Jc-p = 17 Hz)
d 21.8 (2Jc.p = 4 Hz) 22.7 CJc-p = 2 Hz) 23.4 (2JC.P = 2 Hz)
e 27.0 ('Jc-p = 71 Hz) 29.7 ('Jc-p = 57 Hz) 29.5 ('Jc-p = 51 Hz)

Aromatic

127.0 (Arpara-C)
128.5 (Ar C)

128.7 (3Jc-p =12 Hz)
128.7 (ArC)

130.6 (2Jc-p = 9 Hz)
131.8 (4JC-p = 3 Hz)
132.3 ('Jc-p =99 Hz)

139.7 (Ar ipso-C)

127.3 (Ar para-C),
128.7 (3Jc-p =12 Hz)
128.7 128.8 (Ar C)

130.9 (2Jc-p =10 Hz)
131.6 (4Jc-p = 3 Hz)
132.4 ('Jc-p =80Hz)
139.3 (Ar ipso-C)

127.2 (Ar para-C),
128.7 (3Jc-p =12 Hz)
128.7 128.8 (ArC),
131.4 (2Jc-p =10 Hz)
131.6 (4Jc-p = 3 Hz)
131.3 ('Jc-p =72 Hz)

139.3 (Ar ipso-C)

C=0 172.1 172.1 172.2

From the NMR data it can be seen that an increase in electronegativity of the

chalcogen atom causes the chemical shifts of Cd and Ce appear at lower
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frequency in compounds 40 - 42 whereas the chemical shifts of Ca and Cc appear

unaffected. By close examination of the aromatic region the different carbon

signals can be determined, this is made easier using pendant NMR experiments.

The j1P-{'H} NMR spectra (CDCI3) for compounds 40 - 42 shows singlets at

34.7, 43.7 and 35.3 ppm respectively which are no different from those of the

amines 21 - 23. Compound 42 displays selenium satellites ('./p=se = 721 Hz)

which is the same value as for the amine 23.

Selected IR data for compounds 40 - 42 are shown in Table 4.10.

Table 4.10 Selected IR data (cm"1) for compounds 40 - 42.

IR (cm"1)
V(N-H) V(C=0)

amide

V(P=E) V(P-C)
Aromatic

V(P-C)
Aliphatic

40 3253 1671 1169 1105 998
41 3291 1641 557 1103 997
42 3290 1642 534 1100 998

In the IR spectra of 40 - 42 a broad band of medium-strong intensity in the region

3300 cm"1 is present for a N-H stretch.

The ES mass spectra of 40 - 42 are satisfactory and the parent ions are present at

m/z = 453, 469 and 517 for [M]+ respectively. Common fragmentation is seen in

all the spectra resulting in ion peaks at 437 [M-E]+, 167 [Ph2CH]+, 77 [Ph]+ and

an ion peak for the respective [Ph2P(E)]+ fragment.

Crystals of 40 - 42 suitable for X-Ray diffraction were obtained by layering the

NMR samples (CDCI3) with hexane and allowing slow diffusion of the solvents.

Figure 4.8 shows the X-Ray crystal structure of 40.

Chapter Four: The synthesis ofamide -phosphine oxide containing rotaxanes 183



Figure 4.8 Crystal structure of 40.

Figure 4.9 shows the X-Ray crystal structure of 41.

Figure 4.9 Crystal structure of 41.

Figure 4.10 shows the X-Ray crystal structure of 42.
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Figure 4.10 Crystal structure of 42.

In the solid state 40 - 42 exist as hydrogen bonded dimers. In 40 the

intermolecular hydrogen bonding results in a head to tail molecular arrangement

and is from the amine proton N(5)-H(5) to the oxygen atom 0(1) of the adjacent

molecule with a distance of 1.94(1) A. In compounds 41 and 42 the

intermolecular hydrogen bonding results in a head to head molecular

arrangement and is from the amine proton N(5)-H(5) to the oxygen atom 0(6) of

the adjacent molecule with a bond distance of 1.937(9) and 1.926(7) A

respectively.

Table 4.11 Selected bond lengths (A) and angles (°) for compounds 40 - 42.

40 41 42

P(l)-E(l) 1.471(7) 1.9535(14) 2.1053(10)
P(l)-C(2) 1.751(10) 1.810(3) 1.809(3)
C(4)-N(5) 1.435(14) 1.451(3) 1.462(4)
N(5)-C(6) 1.301(14) 1.341(3) 1.330(4)
C(6)-0(6) 1.240(12) 1.233(3) 1.223(4)

E(l)-P(l)-C(2) 112.9(5) 112.54(10) 112.18(11)
C(3)-C(2)-P(l) 113.6(7) 115.2(2) 115.6(2)
0(6)-C(6)-N(5) 120.4(10) 122.2(2) 123.0(3)
0(6)-C(6)-C(7) 125.6(10) 121.7(2) 121.7(3)

Chapter Four: The synthesis ofamide — phosphine oxide containing rotaxanes 185



4.3.2 Rotaxination attempts involving 40 - 42.

Attempts were made to rotaxinate the dumbbell shaped components 40 - 42

under the same reaction conditions outlined for the synthesis of the previous

rotaxanes. These reactions proved unsuccessful and resulted in a mixture of

unreacted staring materials and in the formation of the by-product the [2]

catenane.

4.4 Conclusions.

The synthesis of the [2] rotaxanes 37 - 39 has proved successful. The synthesis of

the threads 40 - 42 that contain a backbone that is present in the rotaxanes 37 - 39

in an attempt to determine if the macrocycle will be located over this amide and

phosphine chalcogenide group failed. This does not rule out that in solution the

macrocycle can possibly shuttle to the alkyl phosphine station in the rotaxane 40

whereby lower frequency chemical shifts were observed throughout the

backbone of the rotaxane (indicating encapsulation within the macrocyclic

sheath). Comparison of the !H NMR in D6-DMSO of the threads 34 - 36 and the

rotaxanes 37 - 39 would have provided a fair assessment in elucidating the

location of the macrocycle on the thread.

Since rotaxination of the threads 40 - 42 failed, this suggests that

macrocyclization resulting in the rotaxanes 37 - 39 occurs over the diamide

backbone as this group has successfully templated rotaxane synthesis by Leigh et

al91
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4.5 Experimental.

(2-Diphenylacetylamino-acetylamino)-acetic acid ethyl ester. 32

To a stirring suspension of glycylglycine ethyl ester hydrochloride (4.26 g, 21.67

mmol) in DCM (100 cm3), Et3N was added (5.80 g, 57.4 mmol, 7.9 cm"). Once a

solution was formed the slightly yellow solid diphenylacetyl chloride (5.00 g,

21.67 mmol) was slowly added in small portions. The solution became hot. After

all the acid chloride was added the solution was stirred at room temp for 3 hrs

with the reaction monitored by tic. The solution was washed with water (3 x 25

cm3) then dried over MgSC>4. The solvent was removed in vacuo to give a yellow

solid that was recrystallised from hot toluene to give the desired compound as

fine colourless crystals that were dried in vacuo. Yield 6.37 g (83 %); Rf (5 %

EtOH in DCM): 44 %; 'H NMR (CDC13) 6: 1.28 (t, 3JH-h = 7 Hz, 3H, Hg), 3.91

(d, 3JH-h = 6 Hz, 2H, Hc or He), 4.0 (d, 3JH-h = 5 Hz, 2H, Hc or He), 4.2 (q, 3JH-h =

7 Hz, 2H, Hf), 4.99 (s, 1H, Ha), 6.77 (t, 3JH-h = 5 Hz, 1H, Hb or Hd), 7.02 (t, 3JH-h
= 6 Hz, 1H, Hb or Hd), 7.23 - 7.37 (m, 10H, Ar H); 13C-{'H} NMR (CDC13) 5:

14.1 (g), 41.2 (Cc or Ce), 43.2 (Cc or Ce), 58.5 (Ca), 61.4 (Cf), 127.3 {Ax para-C),

128.7 128.8 (Ar C), 139.0 (Ar ipso-C) 169.0 169.5 172.8 (C=0); FTIR (KBr

disk): 3307m, 3247m br, 3059m, 298lw, 2932w, 1760s, 1735s, 1687s, 1642vs,

1559m, 1495m, 1452m, 1406w, 1419w, 1375w, 1290w, 1266w, 1245m, 1228m,
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1196s, lllOw, 1032s, 743m, 700s, 641w, 565m, 498w; Acc mass ES calculated

for C20H22N2O4 355.1658 [M+H], measured 355.1652 [M+H]; Microanalysis

expected for C20H22N2O4 C: 67.77, H: 6.26, N: 7.91, measured C: 67.84, H: 6.29,

N: 7.94; Crystals suitable for X-Ray crystallography were obtained by layering a

CDCI3 solution of the compound with hexane.

("2-Diphenvlacetvlamino-acetvlamino)-acetic acid. 33

(2-Diphenylacetylamino-acetylamino)-acetic acid ethyl ester (5.0 g, 14.19

mmol) was dissolved in 150 cm3 of EtOH : H2O (2 : 1). To this was added the

solid NaOH (0.57 g, 14.25 mmol). The solution was refluxed for 1 hr and the

reaction monitored by tic. The ethanol was then removed in vacuo at 50 °C. The

aqueous solution was washed with DCM (3 x 25 cm3) before being acidified to

pH 2 with 10M HC1 with vigorous stirring to give a thick colourless precipitate.

This colourless solid was collected by filtration and dried in vacuo to give the

desired compound as a fine colourless powder. Yield 4.08 g (89 %) mp = 199

(dec.) °C; 'H NMR (D6-DMSO) 3.78 (d, 3JH-h = 6 Hz, 2H, Hc or He), 3.79 (d,

3Jh-h = 6 Hz, 2H, Hc or He), 5.08 (s, 1H, Ha), 7.19 - 7.34 (m, 10H, Ar H), 8.23 (t,

3Jh-h = 6 Hz, 1H, Hb or Hd), 8.49 (t, 3JH-h = 6 Hz, 1H, Hb or Hd) 12.62 (br s, 1H,

Hf); 13C-{'H} NMR (D6-DMSO) 5: 40.5 41.8 (Cc or Ce) 56.1 (Ca), 126.5 128.1

128.5 (Ar C), 140.3 (Ar ipso-C,), 168.9 171.1 171.3 (C=0); FTIR (KBr disk):
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3358 s br, 2934m, 2596m br, 2459m br, 1717vs br, 1629 vs, 1570s, 1512s,

1453m, 1410w, 1402w, 1328m, 1256s, 1118m, 1082m, 1033w, 980w br, 874w,

745s, 708s, 696s, 621s, 567m, 518w, 497w; Acc mass ES calculated for

C18H18N2O4 327.1345 [M+H], measured 327.1343 [M+H]; Microanalysis

expected for C18H18N2O4 C: 66.25, H: 5.56, N: 8.58, measured C: 65.91, H: 5.55,

N: 8.26

N-\( {T3 -CDiphenvl-phosphinoyn-propylcarbamovll-methyl I -carbamoyl)-

methvll-2.2-diphenyl-acetamide. 34

A suspension of (2-diphenylacetylamino-acetylamino)-acetic acid (0.63 g, 1.93

mmol) in thf (75 cnf) was continuously stirred until a solution was formed and

then cooled to 0 °C. To the solution was added 3-(diphenyl-phosphinoyl)-

propylamine (0.50 g, 1.93 mmol). The colourless solids DCC (0.438 g, 2.12

mmol) and DMAP (24 mg, 0.193 mmol) were then added and stirring continued

at 0 °C for 10 hrs. The solution was then stirred for a further 62 hrs. The

colourless precipitate formed was then filtered off and the solvent removed in

vacuo. The desired compound was obtained after column chromatography (12 %

EtOH in DCM) as a fine colourless powder. Yield: 0.68 g (62 %); mp = 164 —

165 °C; 'H NMR (CDC13) 6: 1.79 (m, 2H, Hh), 2.34 (m, 2H, HO, 3.28 (q, 3Jh-h =

6 Hz, 2H, Ho), 3.89 (d, Vh-h = 6 Hz, 2H, Hc or He), 4.02 (d, 3Jh-h = 6 Hz, 2H, Hc

or He), 4.94 (s, 1H, Ha), 6.84 (t, 3Jh-h = 6 Hz, 1H, Hb or Hd), 7.20 - 7.31 (m, 10H,
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Ar H), 7.45 - 7.68 (m, 10H, Ar H), 7.74 (t, 3JH-h = 5 Hz, 1H, Hf), 7.91 (t, 3JH-h =

6 Hz, 1H, Hb or Hd); 13C-{!H} NMR (CDC13) 5: 22.3 (Ch), 26.8 (d, 'jC-p = 71 Hz,

CO, 39.5 (d, Vc-p = 12 Hz, Cg), 42.9 43.5 (Cc & Ce), 58.1 (Ca), 127.1 (Ar para-

C), 128.5 128.7 (Ar C), 128.8 (d, 3JC-p = 12 Hz), 130.6 (d, 2JC-p = 10 Hz), 131.8

(d, Vc-p = 99 Hz), 132.0 (d, VC-p = 3 Hz), 139.2 (Ar ipso-C), 169.1 169.7 172.8

(C=0); 31P-{1H} NMR (CDC13) 5: 36.2; FTIR (KBr disk): 3394m, 3270s br,

3060m, 2931m, 2866m, 1655vs, 1584m, 1538s, 1495s, 1449m, 1438s, 1402m,

1381m, 1368m, 1331m, 1279m, 1266m, 1216m, 1186m, 1170vs, 1121m, 1073m,

1029m, 998w, 910m, 784m, 747s, 730s, 698vs, 644m, 545s, 514m; Acc mass

ES calculated for C33H34N304P 568.2365 [M+H], measured 568.2359 [M+H];

Microanalysis expected for C33H34N304P C: 69.83, H: 6.04, N: 7.40 measured C:

69.41, H: 5.87, N: 6.97. Crystals suitable for X-Ray crystallography were

obtained by the slow evaporation of CDC13 from the NMR solution of the

compound.

N- IYI \3 -(Diphenvl-phosphinothioyl)-propvlcarbamovll -methyl} -carbamov IV

methyll-2.2-diphenvl-acetamide. 35

A suspension of (2-diphenylacetylamino-acetylamino)-acetic acid (1.4 g, 4.29

mmol) in thf (75 cm ) was continuously stirred until a solution was formed and

then cooled to 0 °C. To the solution was added 3-(diphenyl-phosphinothioyl)-

propylamine (1.18 g, 4.29 mmol). The colourless solids DCC (0.974 g, 4.72
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mmol) and DMAP (52 mg, 0.429 mmol) were then added and stirring continued

at 0 °C for 10 hrs. The solution was then stirred for a further 62 hrs. The

colourless precipitate formed was then filtered off and the solvent removed in

vacuo. The desired compound was obtained after column chromatography (7 %

EtOH in DCM) as a fine colourless powder. Yield: 1.67 g (67 %); mp = 172 °C;

'H NMR (CDC13) S: 1.75 (m, 2H, Hh), 2.46 (m, 2H, Hi), 3.24 (q, 3JH-h = 6 Hz,

2H, Hg), 3.82 (d, 3Jh-h = 6 Hz, 2H, Hc or He), 3.91 (d, 3Jh-h = 6 Hz, 2H, Hc or

He), 4.99 (s, 1H, Ha), 6.71 (t, 3Jh-h = 6 Hz, 1H, Hf), 6.79 (t, 3Jh-h = 6 Hz, 1H, Hb

or Hd), 6.89 (t, 3Th-h = 6 Hz, 1H, Hb or Hd), 7.23 - 7.35 (m, 10H, Ar H), 7.42 -

7.54 (m, 6H, Ar H), 7.78 - 7.85 (m, 4H, Ar H); ^C-l'H} NMR (D6-DMSO) S:

22.0 (d, 2JC-p - 2 Hz, Ch), 28.3 (d, 'jC-p = 58 Hz, C,), 38.8 (d, 3JC-p = 20 Hz, Cg),

42.0 42.3 (Cc & Ce), 56.1 (Ca), 126.5 (Ar para-C), 128.1 128.5 (Ar C), 128.6 (d,

3Jc-p = 11 Hz), 130.7 (d, 2JC-p = 10 Hz), 131.4 (d, VC-p = 3 Hz), 132.6 (d, !JC-p =

79 Hz), 140.3 (Ar ipso-C), 168.5 169.1 171.6 (C=0); 31P-{'H} NMR (CDC13) 5:

44.1; FTIR (KBr disk): 3414w br, 3305s br, 3058w, 2937w, 1693m, 1633vs,

1510m br, 1495m, 1438m, 1408w, 1355w 1251w, 1185w, 1107m, 1072w,

1030m, lOOOw, 934w, 775m, 741m, 702m, 636w, 622m, 611m; Acc mass ES

calculated for C33H34N3O3PS 584.2137 [M+H], measured 584.2135 [M+Hj;

Microanalysis expected for C33H34N3O3PS C: 67.91, H: 5.87, N: 7.19 measured

C: 67.42, H: 5.27, N: 7.11.
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A-IYI D-fDiphenvl-phosphinoselenoVpropylcarbamovH-methvl 1-carbamoyl)-

methyll-2.2-diphenyl-acetamide. 36

A suspension of (2-diphenylacetylamino-acetylamino)-acetic acid (1.12 g, 3.43

mmol) in thf (75 cm3) was continuously stirred until a solution was formed and

then cooled to 0 °C. To the solution was added 3-(diphenyl-phosphinoseleno)-

propylamine (1.11 g, 3.43 mmol). The colourless solids DCC (0.778 g, 3.77

mmol) and DMAP (42 mg, 0.343 mmol) were then added and stirring continued

at 0 °C for 10 hrs. The solution was then stirred for a further 62 hrs. The

colourless precipitate formed was then filtered off and the solvent removed in

vacuo. The desired compound was obtained after column chromatography (7 %

EtOH in DCM) as a fine colourless powder. Yield: 1.17 g (54 %); *H NMR

(CDC13) 5: 1.76 (m, 2H, Hh), 2.62 (m, 2H, Hi), 3.26 (q, 3JH-h = 7 Hz, 2H, Hg),

3.86 (d, 3JH-h = 6 Hz, 2H, Hc or He), 3.91 (d, 3JH-h = 5 Hz, 2H, Hc or He), 5.04 (s,

1H, Ha), 7.23 - 7.36 (m, 10H, Ar H), 7.43 - 7.55 (m, 7H, Ar H & Hf), 7.77 (t, 3JH-

H = 6 Hz, 1H, Hb or Hd), 7.82 - 7.9 (m, 5H, Ar H & Hb or Hd); 13C-{]H} NMR

(D6-DMSO) 6: 22.8 (Ch), 24.8 (d, %.P = 52 Hz, CO, 39.1 (d, 3JC-p = 21 Hz, Cg),

42.4 43.3 (Cc & Ce), 57.3 (Ca), 126.5 (Arpara-C), 128.0 (Ar C), 128.2 (d, 3JC-p =

11 Hz), 128.3 (ArC), 130.8 (d, 1 JC-p = 72 Hz), 131.4 (d, 2JC-p = 10 Hz), 131.5 (d,

Vc.p - 3 Hz), 139.0 (Ar ipso-C), 168.5 169.1 172.5 (C=0); 31P-{'H} NMR

(CDCI3) 6: 35.4 (Vp=se = 720 Hz); FTIR (KBr disk): 3304s br, 3056m, 2929m,
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2851m, 1693vs, 1634vs br, 1512s br, 1501s, 1437s, 1406m, 1310m, 1245m,

1185m, 1102m, 1071m, 1030m, 1000m, 933w, 892w, 740vs, 703vs br, 680m br,

596m, 566m, 531s, 508m; Acc mass ES calculated for CasE^NsCbPSe 632.1581

[M+H], measured 632.1572 [M+H]; Microanalysis expected for C33H34N303PSe

C: 62.74, H: 5.43, N: 6.66 measured C: 63.47, H: 5.56, N: 6.92.

Rotaxane of A-[({r3-(diphenyl-phosphinovl)-propvlcarbamoyll-methvl}-

carbamovP-methvn-2.2- diphenyl-acetamide. 37

To a slowly stirring solution of A- [({[3 -(diphenyl-phosphinoyl)-

propylcarbamoyl]-methyl}-carbamoyl)-methyl]-2,2-diphenyl-acetamide (0.42 g,

0.739 mmol) in CHCI3 (60 cm3) and Et3N (1.49 g, 2.06 cm3, 14.8 mmol) was

added two separate solutions of /?-xylylene diamine (1.00 g, 7.39 mmol) in

CHCI3 (50 cm3) and isophthaloyl dichloride (1.50 g, 7.39 mmol) in CHCI3 (50

cm3) over 12 hrs using motor driven syringes at room temperature. The stirring

was continued for a further 4 hrs then the colourless precipitate formed was
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*2 "2

filtered. The filtrate was concentrated to ca 10 cm . thf (200 cm ) was then added

and the resulting colourless precipitate formed was filtered off. The filtrate was

then concentrated under reduced pressure then separated by column

chromatography (7 % EtOH in DCM) to give the desired compound as a fine

colourless solid. Yield 240 mg (30 %); mp = 150 °C; *H NMR (CDC13) 5: 1.36

(m, 2H, Hh), 1.97 (m, 2H, Hi), 2.56 (br q, 2H, Hg), 3.15 (d, 3JH-h = 5 Hz, 2H, Hc

or He), 3.61 (d, 3JH-h = 5 Hz, 2H, Hc or He), 4.41 (m, 8H, HE), 4.91 (s, 1H, Ha),

6.64 (t, Vh-h = 5 Hz, 1H, Hb or Hd), 6.79 (t, Vh-h = 5 Hz, 1H, Hb or Hd), 7.0 (s,

8H, HF), 7.23 - 7.3 (m, 10H, Ar H), 7.51 - 7.61 (m, 10H, Ar H), 7.56 (t, 2H, HA),

7.59 (br t, 1H, Hf), 8.11 (br t, 3JH-h = 5 Hz, 4H, HD), 8.18 (dd, HB), 8.37 (s, 2H,

Hc); 13C-{1H} NMR (CDC13) 6: 20.9 (Ch), 27.3 (d, 'Jc-p = 70 Hz, Cj), 39.8 (d,

3JC-p = 12 Hz, Cg), 42.6 42.8 (Cc & Ce), 44.0 (CE), 58.6 (Ca), 124.4 (Ar ipso-C of

macrocycle), 127.4 (Ar para-C), 128.7 128.8 (Ar C), 128.9 (Ar C of

macrocycle), 129.1 (Ar ipso-C of macrocycle), 129.2 (d, 3Jc-p = 12 Hz), 130.2 (d,

Vc-p = 10 Hz), 131.0 (d, Vc-p = 100 Hz), 131.4 (Ar C of macrocycle), 132.6 (d,

Vc-p = 3 Hz), 134.3 137.5 (Ar C of macrocycle), 138.9 (Ar ipso-C), 166.9 (C=0

of macrocycle), 168.7 169.5 172.9 (C=0); 31P-{'H} NMR (CDC13) 5: 36.7;

FTIR (KBr disk): 3294m br, 3060w, 2930w, 2864w, 1642vs br, 1534vs br,

1437m, 1421m, 1358w, 1301m br, 1278m br, 1170m, 1121w, 1083w, 1024w,

999w, 904w, 822w, 722m, 696m, 650m, 3640m, 609m br, 545m, 512m; Acc

mass FAB calculated for C65H62N7O8P 1100.4476 [M+H], measured 1100.4475

[M+H]; Microanalysis expected for C65H62N7O8P C: 70.94, H: 5.68, N: 8.91

measured C: 71.06, H: 5.42, N: 8.75.
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carbamovD-methyll-2.2-diphenvl-acetamide. 38
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HN
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0^nr°
To a slowly stirring solution of JV-[({[3-(diphenyl-phosphinothioyl)-

propylcarbamoyl]-methyl}-carbamoyl)-methyl]-2,2-diphenyl-acetamide (0.60 g,

1.028 mmol) in CHCI3 (75 cm3) and EtsN (2.08 g, 2.87 cm3, 20.56 mmol) was

added two separate solutions of p-xylylene diamine (1.40 g, 10.28 mmol) in

CHCI3 (50 cm3) and isophthaloyl dichloride (2.08 g, 10.28 mmol) CHCI3 (50

cm3) over 12 hrs using motor driven syringes at room temperature. The stirring

was continued for a further 4 hrs then the colourless precipitate formed was

filtered. The filtrate was concentrated to ca 10 cm3, thf (200 cm3) was then added

and the resulting colourless precipitate formed was filtered off. The filtrate was

then concentrated under reduced pressure then separated by column

chromatography (6 % EtOH in DCM) to give the desired compound as a fine

colourless solid. Yield 261 mg (23 %); mp = 270 - 271 °C; *H NMR (Dg-

DMSO) 5: 1.24 (m, 2H, Hh), 2.26 (m, 2H, Hi), 2.57 (br q, 2H, Hg), 2.81 (br d,

3Jh-h = 4 Hz, 2H, Hc or He), 3.36 (br d, 3JH-h = 4 Hz, 2H, Hc or He), 4.27 (m, 8H,

He), 5.01 (s, 1H, Ha), 6.96 (s, 8H, HF), 7.13 - 7.24 (m, 10H, Ar H), 7.42 - 7.54
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(m, 6H, Ar H), 7.62 (t, 3JH.H = 8 Hz, 2H, HA), 7.67 (br m, 2H, Hb or Hd & Hf),

7.74 - 7.82 (m, 4H, Ar H), 7.88 (br t, 1H, Hb or Hd), 8.03 (dd, HB), 8.36 (s, 2H,

Hc), 8.52 (br t, 3JH-h = 5 Hz, 4H, HD); 13C-{!H} NMR (D6-DMSO) 5: 21.9 (d,

Vc-p = 2 Hz, Cb), 28.5 (d, 'jC-p = 58 Hz, CO, 38.6 (d, 3JC-p = 20 Hz, Cg), 41.3 41.5

(Cc & Ce), 43.2 (Ce), 56.1 (Ca), 125.5 (Ar ipso-C of macrocycle), 126.3 (Ar

para-C), 127.8 (Ar C of macrocycle), 128.1 128.2 (Ar C), 128.3 (Ar C of

macrocycle), 128.4 (d, 3Jc-p = 11 Hz), 130.2 (Ar ipso-C of macrocycle), 130.4 (d,

Vc-p = 10 Hz), 131.0 (d, 4JC-p - 3 Hz), 132.4 (d, Vc-p = 79 Hz), 134.2 (Ar C of

macrocycle), 136.7 (Ar C of macrocycle), 139.7 (Ar ipso-C), 165.8 (C=0 of

macrocycle), 167.7 168.9 171.4 (CO); 31P-{H} NMR (CDC13) 5: 43.5; FTIR

(KBr disk): 3305s br, 3062m, 2924w, 2871w, 1648vs br, 1532vs br, 1454m,

1437m, 1421m, 1362m, 1304m, 1272m, 1216m, 1173m, 1108m, 1081m, 1057w,

1024w, 999w, 950w, 916w, 853w, 822m, 781w, 768m, 732m, 698m, 622m,

61 lm, 554m, 515m, 478m; ES MS: m/z 1116.2 [MH]+; Microanalysis expected

for C65H62N7O7PS C: 69.93, H: 5.60, N: 8.64 measured C: 69.14, H: 5.61, N:

8.64.
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Rotaxane of N- r((\3 -(diphenyl-phosphinoseleno)-propylcarbamovll -methyl I -

carbamoyl)-methvll-2,2-diphenyl-acetamide. 39

To a slowly stirring solution of jV-[({[3-(diphenyl-phosphinoseleno)-

propylcarbamoyl]-methyl}-carbamoyl)-methyl]-2,2-diphenyl-acetamide (0.50 g,

0.792 mmol) in CHCI3 (75 cm3) and Et3N (1.60 g, 2.21 cm3, 15.84 mmol) was

added two separate solutions of p - xylylene diamine (1.08 g, 7.92 mmol) in

CHCI3 (50 cm3) and isophthaloyl dichloride (1.61 g, 7.92 mmol) in CHCI3 (50

cnT) over 12 hrs using motor driven syringes at room temperature. The stirring

was continued for a further 4 hrs then the colourless precipitate formed was

filtered. The filtrate was concentrated to ca 10 cm3, thf (200 cm3) was then added

and the resulting colourless precipitate formed was filtered off. The filtrate was

then concentrated under reduced pressure then separated by column

chromatography (6 % EtOH in DCM) to give the desired compound as a fine,

pale pink solid. Yield 249 mg (27 %); mp = 149 °C; 'H NMR (D6-DMSO) 8:

1.22 (m, 2H, Hh), 2.42 (m, 2H, Hi), 2.55 (br q, 2H, Hg), 2.81 (br d, Vh-h = 5 Hz,

2H, Hc or He), 3.35 (br d, Vh-h = 5 Hz, 2H, Hc or He), 4.27 (m, 8H, HE), 5.00 (s,
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1H, Ha), 6.96 (s, 8H, HF), 7.16 - 7.23 (m, 10H, Ar H), 7.43 - 7.53 (m, 6H, Ar H),

7.63 (t, 3JH-h = 8 Hz, 2H, HA), 7.67 (br m, 2H, Hb or Hd & Hf), 7.75 - 7.83 (m,

4H, Ar H), 7.87 (br t, 3JH-h = 5 Hz, 1H, Hb or Hd), 8.02 (dd, 4H, HB), 8.33 (s, 2H,

Hc), 8.52 (br t, 3JH-h = 5 Hz, 4H, HD); ^C-f'H} NMR (D6-DMSO) 5: 22.8 (Ch),

28.2 (d, 'Jc-p = 52 Hz, C;), 38.4 (d, VC-p = 20 Hz, Cg), 41.4 41.6 (Cc & Ce), 43.3

(Ce), 56.1 (Ca), 125.8 (Ar ipso-C of macrocycle), 126.5 (Arpara-C), 128.0 128.4

(Ar C) 128.5 (Ar C of macrocycle), 128.6 (Ar C of macrocycle), 128.6 (d, 3Jc-p =

12 Hz), 130.3 (Ar ipso-C macrocycle), 131.0 (d, 2Jc-p = 10 Hz), 131.2 (d, !Jc-p =

71 Hz), 131.4 (d, Vc-p ^ 3 Hz), 134.4 136.9 (Ar C of macrocycle), 139.9 (Ar

ipso-C), 165.9 (C=0 of macrocycle), 167.8 169.1 171.4 (C=0); 31P-{'H} NMR

(D6-DMSO) 6: 36.0 (!JP=Se = 727 Hz); FTIR (KBr disk): 3312m br, 3064w,

2924w, 1686m, 1645vs br, 1533vs br, 1453w, 1436w, 1363m, 1301m, 1275m,

121 lw, 1175m, 1082wm, 1035w, 917w, 823m, 736m, 699m, 649m, 606m,

536m, 500m; Acc mass FAB calculated for CesHeaNyOvPSe 1163.3613 [M+H],

measured 1163.3613 [M+H]; Microanalysis expected for C6sH62N707PSe C:

67.05, H: 5.37, N: 8.43 measured C: 67.25, H: 5.14, N: 8.40.

AM3-(Diphenvl-phosphinovl)-propyll-2.2-diphenyl-acetamide. 40

To a stirring solution of 3-(diphenyl-phosphinoyl)-propylamine (0.99 g, 3.82

mmol) in DCM (75 cm3) at room temperature was added Et3N (0.386 g, 0.53

cm , 3.82 mmol) and the solid diphenyl-acetyl chloride (0.88 g, 3.82 mmol). The
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solution was stirred for 4 hrs. The solvent was removed in vacuo and the desired

compound obtained after column chromatography (8 % EtOH in DCM) as a

colourless solid, this was then recrystallised from DCM and hexane to give

colourless crystals. Yield: 2.2 g (77 %); mp = 114 - 116 °C, Rf (8 % EtOH in

DCM): 43.5 %; *H NMR (CDC13) 5: 1.74 (m, 2H, Hd), 2.18 (m, 2H, He), 3.32 (q,

3Jh.h = 6 Hz, 2H, Hc), 4.88 (s, 1H, Ha), 7.05 (t, VH-h = 6 Hz, 1H, Hb), 7.14 - 7.27

(m, 10H, Ar), 7.35 - 7.50 (m, 6H, Ar H), 7.55 - 7.62 (m, 4H, Ar H); ^C-l'H}

NMR (CDCI3) 5: 21.8 (d, 2JC.? = 4 Hz, Cd), 27.0 (d, lJc.P = 71 Hz, Ce), 39.7 (d,

Vc-p = 12 Hz, Cc), 58.8 (Ca), 127.0 (Ar para-C), 128.5 (Ar C), 128.7 (d, 3JC-p =

12 Hz), 128.7 (Ar C), 130.6 (d, 2JC.P - 9 Hz), 131.8 (d, VC-p = 3 Hz), 132.3 (d,

'Jc-p = 99 Hz), 139.7 (Ar ipso-C), 172.1 (C=0); 31P-{'H} NMR (CDC13) 5: 34.7;

FTIR (KBr disk): 3428w br, 3253m br, 3060m, 2935m, 2878m, 1961w, 1900w,

1813w, 1671vs, 1557s br, 1495m, 1437s, 1368w, 1313w, 1228m, 1207m,

1169vs, 1121m, 1105m, 1072w, 1031w, 998w, 893w, 776m, 743s, 715s, 695vs,

639m, 547vs, 508; Acc mass ES calculated for C29H28NO2P 454.1936 [M+H],

measured 454.1934 [M+H]; Microanalysis expected for C29H28NO2P C: 76.79,

H: 6.22, N: 3.09 measured C: 75.28, H: 6.23, N: 2.93. Crystals suitable for X-

Ray crystallography were obtained by layering a CDCI3 solution of the

compound with hexane.
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A-r3-(T)iphenvl-phosphinothiovl)-propvll-2.2-diphenyl-acetamide. 41

To a stirring solution of 3-(diphenyl-phosphinothioyl)-propylamine (1.09 g, 3.96
•3 *3

mmol) in DCM (75 cm ) at room temperature was added Et3N (0.40 g, 0.55 cm ,

3.96 mmol) and the solid diphenyl-acetyl chloride (0.91 g, 3.96 mmol). The

solution was stirred for 4 hrs. The solvent was removed in vacuo and the desired

compound obtained after column chromatography (3 % EtOH in DCM) as a

colourless solid, this was then recrystallised from DCM and hexane to give

colourless crystals. Yield: 1.3 g (70 %); mp = 147 - 148 °C, Rf (3 % EtOH in

DCM): 36.2 %; 'H NMR (CDC13) 6: 1.79 (m, 2H, Hd), 2.40 (m, 2H, He), 3.36 (q,

3Jh.h = 7 Hz, 2H, Hc), 4.89 (s, 1H, Ha), 5.89 (t, 3JH-h = 7 Hz, 1H, Hb), 7.21 - 7.33

(m, 10H, Ar H), 7.40 - 7.53 (m, 6H, Ar H), 7.70 - 7.78 (m, 4H, Ar H); 13C-{lU}

NMR (CDCls) 5: 22.7 (d, 2JC.P = 2 Hz, Cd), 29.7 (d, Vc-p = 57 Hz, Ce), 39.5 (d,

3JC-r = 17 Hz, Cc), 59.1 (Ca), 127.3 (Ar para-C), 128.7 (d, 3JC-p = 12 Hz), 128.7

128.8 (Ar C), 130.9 (d, 2JC-p = 10 Hz), 131.6 (d, Vc-p = 3 Hz), 132.4 (d, lJC-p =

80 Hz), 139.3 (Ar ipso-C), 172.1 (C=0); 3IP-{'H} NMR (CDC13) 5: 43.7; FTIR

(KBr disk): 3292s br, 3060w, 2945w, 2886w, 1968w, 1892w, 1813w, 1641vs,

1600w, 1548s, 1495m, 1480w, 1449w, 1437m, 1349w. 1336w, 1309w, 1224m,

1168w, 1103s, 1069m, 1029, 1014w, 997w, 819w, 782m, 754m, 733vs, 709s,

692vs, 670m, 642w, 623m, 611m, 558m, 516m; Acc mass ES calculated for

C29H28NOPS 470.1707 [M+H], measured 470.1705 [M+H]; Microanalysis

expected for C29H28NOPS C: 74.17, H: 6.01, N: 2.98 measured C: 73.54, H:
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5.85, N: 2.90. Crystals suitable for X-Ray crystallography were obtained by

layering a CDCI3 solution of the compound with hexane.

7V-r3-(,Diphenyl-phosphinoseleno)-propvl1-2.2-diDhenvl-acetamide. 42

To a stirring solution of 3-(diphenyl-phosphinoseleno)-propylamine (1.1 g, 3.40

mmol) in DCM (75 cm3) at room temperature was added Et3N (0.345 g, 0.47

cm , 3.40 mmol) and the solid diphenyl-acetyl chloride (0.78 g, 3.40 mmol). The

solution was stirred for 4 hrs. The solvent was removed in vacuo and the desired

compound obtained after column chromatography (3 % EtOH in DCM) as a

colourless solid, this was then recrystallised from DCM and hexane to give

colourless crystals. Yield: 1.26 g (72 %); mp = 140 - 141 °C, Rf (3 % EtOH in

DCM): 37.2 %; 'H NMR (CDCI3) 6: 1.80 (m, 2H, Hd), 2.53 (m, 2H, He), 3.39 (q,

3Jh-h = 7 Hz, 2H, Hc), 4.92 (s, 1H, Ha), 5.95 (t, 3TH-h = 7 Hz, 1H, Hb), 7.23 - 7.35

(m, 10H, Ar H), 7.41 - 7.53 (m, 6H, Ar H), 7.71 - 7.79 (m, 4H, Ar H); 13C-{!H}

NMR (CDCI3) 5: 23.4 (d, 2JC-p = 2 Hz, Cd), 29.5 (d, XJC.? = 51 Hz, Ce), 39.3 (d,

3Jc-p = 17 Hz, Cc), 59.0 (Ca), 127.2 (Ar para-C), 128.7 (d, 3JC.P = 12 Hz), 128.7

128.8 (Ar C), 131.4 (d, 2JC-p = 10 Hz), 131.6 (d, 4JC.P = 3 Hz), 131.3 (d, lJc.P =

72 Hz), 139.3 (Ar ipso-C), 172.2 (C=0); 3,P-{*H} NMR (CDC13) 6: 35.3 (^se
= 721 Hz); FTIR (KBr disk): 3290m br, 3058w, 3025w, 2944w, 2605w, 2498w,

1966w, 1895w, 1817w, 1642vs br, 1600m, 1548s br, 1495m, 1480m, 1436s,

1398w, 1350m, 1336m, 1309m, 1224m, 1171m br, 1099m, 1071m, 1031m,
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998m, 852w, 819w, 741vs, 692vs, 640m, 618w, 558m, 535s, 490m, 481m; Acc

mass ES calculated for C29H2sNOPSe 518.1152 [M+H], measured 518.1151

[M+H]; Microanalysis expected for C29H2gNOPSe C: 67.29, H: 5.47, N: 2.71

measured C: 68.56, H: 6.18, N: 3.40. Crystals suitable for X-Ray crystallography

were obtained by layering a CDCI3 solution of the compound with hexane.
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Chapter 5

The synthesis of TVdiphenylphosphinyl-methyl

stoppers for peptide rotaxanes

5.1 Introduction.

In Chapter 2 the synthesis of N diphenylphosphino terminated dipeptide threads

to give the corresponding rotaxanes by templating macrocyclization was

described.

In Chapter 3 the synthesis of amide free threads incorporating diphosphine

dioxides that gave the corresponding rotaxanes was discussed.

In Chapter 4 the macrocyclization over threads that contain a dipeptide group and

an alkyl phosphine chalcogenide was discussed.

In this Chapter we are interested in rotaxination attempts using threads analogous

to those described in Chapter 2, but to incorporate a methyl group between the

phosphorus and nitrogen atoms at the N terminus of the dipeptide thread (Scheme

5). Here we discuss our initial results.
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-P OH

43

N
N

43a

O

■J^/^OCH2CH3

44, E=0
45, E=S
46, E=Se

Reagents and conditions:
i) GlyGlyOEt, Et3N, DCM.
ii)0 or S or Se, DCM.
iii)45, Catalyst (B^SniCl^O, 2,2- diphenylethanol, Reflux toluene 36 Hrs.

Scheme 5 Synthesis ofN diphenylphosphinyl methyl stoppered

dipeptide dumbbell-shaped components.

The synthesis of the N diphenylphosphinyl-methyl terminated dipeptide (43a) is

achieved by the reaction of diphenylphosphanyl-methanol (43) with

glycylglycine ethyl ester, to produce the P111 compound. Direct oxidation of this

compound (with O, S, or Se) leads to the thread precursors (44 - 46). Although

reports148 have suggested that condensation reactions of the Pv species of 43 with

an amine in refluxing toluene produce the desired compounds, these reactions

failed hence the reaction scheme above is employed.
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Results and Discussion

5.2 Synthesis of diphenylphosphanyl-methanol 43 and (2-

{[(diphenylphosphanyl)-methyl]-amino}-acetylamino)-acetic acid ethyl ester

43a.

The synthesis of diphenylphosphanyl-methanol 43, is achieved by a method

developed by Hellmann et al.149 The phosphine is prepared in quantitative yields

by the addition of the formaldehyde to the neat diphenyl phosphine at 100 °C.

The 31P-{'H} NMR shift of the diphenylphosphinyl-methanol in CDCI3 appears

as a singlet at - 9.5 ppm: this is a shift to high frequency of approximately 30

ppm (the chemical shift of diphenyl phosphine is - 40.0 ppm). The analytical

data for 43 are consistent with previously reported data.150

The synthesis of the N diphenylphosphinyl methyl ethyl esters 44 - 46 is

achieved by initial synthesis of the Pm compound 43a followed by direct

oxidation with the respective chalcogen. 43a is synthesised by the slow addition

of a solution of diphenylphosphanyl-methanol to a DCM solution of

glycylglycine ethyl ester over 3 hrs at room temperature, the reaction is

continued for a further 17 hrs. Two equivalents of the amine are used as studies

within our group show that if stoichiometric amounts are used, disubstituted

products are also formed. After the reaction the DCM solution appears as an

emulsion (due to the water formed from the reaction). The progress of the

reaction is monitored by ^P-l'HINMR in the reaction solvent using D6-benzene

inserts and upon forming the C-N bond a singlet is observed at - 19 ppm. This is

consistent from studies within our group and similar compounds.151 Notably

when the reaction was attempted in thf, after 20 hrs the reaction had gone to 5 %
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completion. Compound 43a was not isolated and is extremely sensitive to

atmospheric oxidation.

5.3 Synthesis of chalcogenides of (2-{[(diphenylphosphanyl)-methyl]-amino}-

acetylamino)-acetic acid ethyl ester (43a) to form 44 - 46.

The synthesis of chalcogenides 44 - 46 is achieved by the oxidation of 43a with

a slight excess of the respective chalcogen in the reaction mixture from the

synthesis of 43a. 44 is synthesised by the addition of urea hydrogen peroxide

adduct, 45 is prepared by the reaction with addition of elemental sulfur and 46 by

the reaction with elemental selenium. The progress of the reactions was

monitored by ^P-l'HjNMR in the reaction solvent using D6-benzene inserts.

The oxidation reactions were all carried out at 0 °C and the chalcogenides were

obtained after column chromatography as highly viscous oils in yields of 64 - 67

%. The compounds are highly soluble in DCM, CHCI3, thf and are insoluble in

hexane and Et20. 46 is extremely sensitive to oxygen, which leads to the

deposition of red selenium.

The 'H NMR spectra for 44 - 46 in CDCI3 are satisfactory and similar, the

spectrum for 44 is displayed in Figure 5. In all the spectra identification of Ha is

made by jlP-'H correlated spectroscopy. Hb appears broad in all the spectra and

Hc appears as a singlet, these features are presumably due to a 'H-31P coupling.
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Figure 5 *H NMR spectrum of 44.

The 'fl chemical shifts observed for 44 - 46 in CDCI3 are displayed in Table 5.

No significant changes are observed in the proton chemical shifts with change of

chalcogen atom except that of the adjacent protons Ha which move to higher

frequency upon decreasing the electronegativity of the chalcogen atom.

Table 5 'H NMR chemical shifts in 44 - 46.

f^^l d 0'
/ M 3 c H 'I

B N ^^°ch2ch3/L b 0 f g
f ^1 44, E=01 J 45, E=S

46, E=Se

44 45 46
a 3.5 3.6 3.67
b 2.24 2.24 2.47
c 3.36 3.33 3.26
d 7.39 7.29 7.27
e 3.83 3.83 3.78
f 4.13 4.13 4.08

g 1.21 1.23 1.16
Aromatic 7.40 - 7.53 (6 H)

7.70 - 7.77 (4 H)
7.39 - 7.52 (6 H)
7.79 - 7.86 (4 H)

7.32 - 7.44 (6 H)
7.74 - 7.82 (4 H)
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The 13C NMR (CDCI3) spectra of 44 - 46 are satisfactory and the chemical shifts

are displayed in Table 5.1.

Table 5.1 ^C-l'H} NMR chemical shifts of 44 - 46.

d 0
' JL m H ||

r^ijAfNOocH«
b 0 f g/A 44, E=0

J 45, E=S
46, E=Se

44 45 46
A 48.5

(Vc.p - 81 Hz)
50.7

('Jc-p = 63 Hz)
50.4

('Jc-p = 57 Hz)
C 53.4

(3Jc-p = 14 Hz)
52.8

(3Jc-p = 14 Hz)
52.3

E 40.5 40.4 40.3
F 61.6 61.2 61.2
G 14.0 14.0 13.8

Aromatic
128.6 (Vc-p = 12 Hz)
130.9 (2JC-p = 9 Hz)

130.9 (1JC-p = 99 Hz)
132.0 (Vc-p- 3 Hz)

128.6 (Vc-p = 12 Hz)
130.9 ('Jc-p = 80 Hz)
131.1 (2JC-p= 10 Hz)
131.8 (4Jc-p = 3 Hz)

128.3 (3JC-p= 12 Hz)
129.3 ('Jc-p = 70 Hz)
131.4 (2JC-p= 10 Hz)
131.6 (4Jc-p = 3 Hz)

c=o 169.5
171.2

169.5
171.1

169.2
170.6

It is observed that the chemical shift of Ca appears at lower frequency when

increasing the electronegativity of the chalcogen atom with an increase in the

magnitude of the 'Jc-p coupling constants. The chemical shift of Cc appears at

higher frequency when increasing the electronegativity of the chalcogen atom. In

46 the magnitude of the 3Jc-p coupling constant cannot be observed and it appears

as a singlet. The magnitudes of the aromatic coupling constants are consistent

with those observed in previous chapters.

Upon forming the chalcogenides the 31P-{1H}NMR chemical shifts in CDCI3 all

move to higher frequency from - 19 ppm (for 43a) and the chemical shifts are

displayed in Table 5.2.
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Table 5.2 31P-{'H} (CDC13) NMR shifts for 44 - 46.

44 30.3
45 41.8
46 34.5

Compound 46 displays selenium satellites ('jp=se = 730 Hz).

The EI mass spectra of 44 - 46 display the molecular ions at m/z = 374 [M]+, 391

[M+H]+ and at 437 for [M+H]+ respectively. All the spectra display a peak for

the ions [Ph2P(E)]+, [M-OEt}+ a peak at m/z = 185 for [Ph2P]+ and 77 [Ph]+.

5.4 Transesterification ofethyl esters 44 & 45.

The transesterification reactions of the ethyl esters 44 & 45 were attempted in the

same manner as the reaction in Chapter 2, Section 2.4. Due to time restraints the

reaction with 46 was not be attempted. Transesterification was made by refluxing

a toluene solution of the ethyl ester with 2 equivalents of the alcohol (2,2-

diphenylethanol) and 0.2 equivalents of the bis-(dichlorobutyl tin oxide catalyst)

- BDCBTO.

The transesterification reaction of 45 was successful and the reaction of 44 gave

an unexpected result.

In the transesterification of 44, after 36 hrs a colourless precipitate appeared from

the toluene solution (usually after these reactions the desired compound stays in

the solvent). Filtration of the precipitate and tic analysis of the filtrate revealed

the 2,2-diphenylethanol and no starting ethyl ester 44. tic analysis of the

precipitate revealed no starting compounds but a single compound with a

different Rf value to 44. The !H NMR spectra of this compound (CDCI3) is seen

in Figure 5.1
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Figure 5.1 'H NMR spectra of unknown compound
from transesterification of 44.

The spectrum revealed that the desired transesterification reaction had not

occurred (due to the number of aromatic protons). It also revealed that the ethyl

protons were no longer in this compound neither was the amine proton that the

methyl phosphine is bonded to - that was observed at 2.24 ppm (see Table 5).

Correlated 'H-'H spectroscopy revealed that the broad signal at 7.33 ppm was

correlated with the signal at 3.81 ppm. Correlated jlP-'H spectroscopy revealed

that the doublet observed at 4.39 ppm is that of the methyl phosphine. The jlP-

{]H}NMR shift of the compound is a singlet at 31.0 ppm which is unchanged to

that of 44, suggesting that the diphenyl-phosphinoylmethyl oxide moiety

remained bonded to nitrogen. The 13C-{1H} pendant NMR spectra of the

compound in CDCI3 also confirmed that the ethyl group was no longer present

and the chemical shifts are shown in Table 5.3.
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Table 5.3 I3C-{ 1H} NMR shifts of unknown compound
from trans-esterification of 44.

44.6
45.7

('Jc-p = 76 Hz)
51.3

128.8 CJC-p= 12 Hz)
130.3 (Vc-p = 99 Hz)
131.1 (VC-p ~ 9 Hz)
132.5 (Vc-p = 3 Hz)

163.3

(J = 2 Hz)
165.3

From the NMR data it is apparent that the methyl phosphine carbon is in a

slightly different environment to that of the ethyl ester 44 as its chemical shift

appears at lower frequency by about 4 ppm, the magnitude of the aliphatic 1 Jc-p

coupling constant is also less. The alkyl carbon signals of the glycylglycine

residues are also in different environments as indicated by changes in their

chemical shifts to that of the starting ester 44. The compound still contains two

carbonyl groups one of which experiences 13C-jlP coupling with a magnitude of

2 Hz.

From the IjC-{ 1H} NMR and 'H NMR spectra it is clear that the ethyl ester 44

has lost ethanol during the reaction and for this to occur cyclization of the

compound must have occurred and since the amine proton adjacent to the that the

methyl phosphine is no longer present it is almost certain that the new compound

formed is l-(diphenyl-phosphinoylmethyl)-piperazine-2,5-dione (Figure 5.2).

The analytical data for this compound are consistent with this structure.

The synthesis is presumably favoured due to an increased acidity of the amine

proton that is functionalised by the methyl phosphine caused by the
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electronegativity of the oxygen atom as the transesterification reaction was

successful for the formation of 45.

Figure 5.2 1 -(Diphenyl-phosphinoylmethyl)

-piperazine-2,5-dione.

The transesterification reaction of 45 was successful and the thread 47 was

obtained from the reaction mixture following column chromatography in 67 %

yield, as a viscous colourless oil that is extremely soluble in DCM, CHCI3, thf

and insoluble in hexane and Et20. The 'H NMR spectrum of 47 (CDCI3) is

satisfactory and the chemical shifts can be seen in Table 5.4

Table 5.4 'H NMR chemical shifts in 47.

Oj ■ • " X ' jO

6' • 6
a 3.48
b 2.24
c 3.21
d 7.08
e 3.69
f 4.61

g 4.29

Aromatic
7.13-7.26 (10 H)
7.34 - 7.46 (6 H)
7.74-7.82 (4 H)
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The ljC-{'H} NMR spectrum of 47 (CDCI3) is satisfactory and the chemical

shifts can be seen in Table 5.5

Table 5.5 I3C-{!H} chemical shifts for compound 47.

H N n
I H II •= 8

6' * 6
a 50.9

(Vc-p = 64 Hz)
c 52.8

(3Jc-P = 14 Hz)
e 49.7
f 67.3

g 40.5
C=0 169.4 171.0

Aromatic

126.8 128.1 128.6 (ArC)
128.7 (VC-p= 12 Hz)
130.8 (Vc-p^O Hz)
131.3 (VC-p= 10 Hz)
131.8 (Vc-p = 3 Hz)

140.6 (Ar C),

The ^P-l'H} NMR of 47 in CDCI3 is a singlet at 41.8 ppm. This shows no

difference to that of the starting ethyl ester 45.

The EI mass spectrum of 47 displays the parent ion at m/z = 542 [M]+. The base

peak is observed at m/z = 325 [M-Ph2P(S)]+. Notable peaks at m/z = 218 for the

fragment [Ph2P(S)+H]+ and 181 for [Ph2C2H3]+ are also present.

5.5 Rotaxination attempts of47.

Attempts were made to rotaxinate the dumbbell shaped component 47 under the

same reaction conditions outlined previously, these reactions failed and the

reaction mixture contained the side product the [2] catenane and unreacted

starting materials.

Chapter Five: The synthesis ofN diphenylphosphinyl-methyl stoppersfor peptide rotaxanes 213



5.6 Conclusions

The methyl spacer between the phosphorus and nitrogen centres causes a

distance between hydrogen bonding sites (Pv and carbonyl) that is too great for

hydrogen bonding and macrocyclization to occur, therefore rotaxination is not

favoured.

Unfortunately the transesterification of the oxygen chalcogenide failed, this

dumbbell shaped component would have provided the most likely thread that

could have formed the corresponding rotaxane as the importance of Pv oxides in

yielding rotaxanes has been described in Chapter 3. The synthesis of this thread

could be achieved by initial transesterification of the dipeptide ethyl ester,

followed by a reaction with diphenylphosphanyl methanol.
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5.7 Experimental

Diphenvlphosphanyl-methanol. 43

To the colourless liquid diphenyl phosphine (26.9 g, 25.0 cm3, 144.47 mmol)

was added the colourless solid paraformaldehyde (4.33 g, 144.47 mmol). The

cloudy suspension was stirred at 100 °C for 3 hrs. The resultant colourless liquid

was allowed to cool to room temperature to give the desired compound as a

colourless viscous oil. Yield 31.23 g (100 %); 'H NMR (CDC13): 2.55 (br s, 1H,

Hb), 4.3 (m, 2H, Ha), 7.20 - 7.44 (m, 10 H, Ar); 31P-{'H} NMR (CDC13): - 9.5.

(2-[(Diphenvl-phosphinovlmethvl)-aminol-acetylaminol-acetic acid ethyl ester.

44

To a stirring suspension of glycylglycine ethyl ester hydrochloride (2.1 g, 10.68

mmol) in DCM (100 cm3) was added Et3N (1.08 g, 1.49 cm3, 10.68 mmol). Once

a solution was formed, a solution of diphenylphosphanyl-methanol (1.15 g, 5.34

mmol) in DCM (10 cmJ) was added over 3 hrs with continuous stirring, The

solution was stirred for a further 17 hrs. The solution was then cooled to 0 °C and
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the colourless solid urea - hydrogen peroxide adduct added (0.553 g, 5.87

mmol). The suspension was then stirred for 30 mins. The solvent was then

removed in vacuo and the desired compound obtained by column

chromatography (8 % EtOH in DCM) to give the desired compound as a

colourless viscous oil. Yield 1.28 g (64 %); 'H NMR (CDCI3) 5: 1.21 (t, 3Jh-h =

7Hz, 3H, Hg), 2.24 (br s, 1H, Hb), 3.36 (br s, 2H, Hc), 3.5 (d, 3JH-h = 7 Hz, 2H,

Ha), 3.83 (d, 3JH-h = 6 Hz, 2H, He) 4.13 (q, 3JH-h = 7 Hz, 2H, Hf), 7.39 (t, 3JH-h -

6 Hz, 1H, Hd), 7.40 - 7.53 (m, 6 H, Ar), 7.70 - 7.77 (m, 4H, Ar); ^C-l'H} NMR

(CDCI3) 5: 14.0 (Cg), 40.5 (Ce), 48.5 (d, 'Jc-p = 81 Hz, Ca), 53.4 (d, 3JC.P = 14

Hz, Cc), 61.1 (Cf), 128.6 (d, 3JC-p = 12 Hz), 130.9 (d, 2JC.p = 9 Hz), 130.9 (d, Vc-p
= 99 Hz), 132.0 (d, VC-p= 3 Hz), 169.5 171.2 (C=0); 31P-{'H} NMR (CDC13) 5:

30.3; Acc mass ES calculated for C19H23N2O4P 375.1473 [M+H], measured

375.1475 [M+H]; Microanalysis expected for C19H23N2O4P C: 60.95, H: 6.19, N:

7.48, measured C: 60.68, H: 6.42, N: 7.29.

(2-r(Diphenvl-phosphinothiovlmethyl)-aminol-acetvlamino)-acetic acid ethyl

ester. 45

To a stirring suspension of glycylglycine ethyl ester hydrochloride (1.92 g, 9.81

mmol) in DCM (100 cm3) was added Et3N (0.992 g, 1.37 cm3, 9.81 mmol). Once

a solution was formed, a solution of diphenylphosphanyl-methanol (1.06 g, 4.90

mmol) in DCM (10 cm3) was added over 3 hrs with continuous stirring, The

Chapter Five: The synthesis ofN diphenylphosphinyl-methyl stoppers for peptide rotaxanes 216



solution was stirred for a further 17 hrs. The solution was then cooled to 0 °C and

the elemental sulfur added (0.173 g, 5.39 mmol). The suspension was allowed to

warm to room temp and stirring continued for 1 hr. The solvent was then

removed in vacuo and the desired compound obtained by column

chromatography (5 % EtOH in DCM) to give the desired compound as a

colourless viscous oil. Yield 1.28 g (67 %); 'H NMR (CDCI3) 5: 1.23 (t, 3Jh-h =

7Hz, 3H, Hg), 2.24 (br s, 1H, Hb), 3.33 (br s, 2H, Hc), 3.6 (d, 3JH-h = 6 Hz, 2H,

Ha), 3.83 (d, 3JH-h = 6 Hz, 2H, He) 4.13 (q, 3JH-h = 7 Hz, 2H, Hf), 7.29 (br s, 1H,

Hd), 7.39 - 7.52 (m, 6 H, Ar), 7.79 - 7.86 (m, 4H, Ar); 13C-{'H} NMR (CDC13)

8: 14.0 (Co), 40.4 (Ce), 50.7 (d, 'jC-p = 63 Hz, Ca), 52.8 (d, VC-p = 14 Hz, Cc),

61.2 (Cf), 128.6 (d, 2JC-p = 12 Hz), 130.9 (d, 'jC-p = 80 Hz), 131.1 (d, 2JC-p = 10

Hz), 131.8 (d, VC-p = 3 Hz), 169.5 171.1 (C=0); 31P-{'H} NMR (CDC13) 5: 41.8;

Acc mass ES calculated for C19H23N2O3PS 391.1245 [M+H], measured 391.1249

[M+H]; Microanalysis expected for C19H23N2O3PS C: 58.44, H: 5.94, N: 7.18,

measured C: 60.57, H: 5.98, N: 7.25.

(2-r(Diphenvl-phosphinoselenomethvD-amino1-acetylamino)-acetic acid ethyl

ester. 46

To a stirring suspension of glycylglycine ethyl ester hydrochloride (1.92 g, 9.81

mmol) in DCM (100 cm3) was added Et3N (0.992 g, 1.37 cm3, 9.81 mmol). Once

a solution was formed, a solution of diphenylphosphanyl-methanol (1.06 g, 4.90
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mmol) in DCM (10 cm ) was added over 3 hrs with continuous stirring, The

solution was stirred for a further 17 hrs. The solution was then cooled to 0 °C and

the elemental selenium added (0.431 g, 5.39 mmol). The suspension was allowed

to warm to room temp and stirring continued for 1 hr. The solvent was then

removed in vacuo and the desired compound obtained by column

chromatography (5 % EtOH in DCM) to give the desired compound as a

colourless viscous oil. Yield 1.28 g (59 %); !H NMR (CDCI3) 5: 1.16 (t, Vh-h =

7Hz, 3H, Hg), 2.47 (br s, 1H, Hb), 3.26 (br s, 2H, Hc), 3.67 (br s, 2H, Ha), 3.78 (d,

3Jh-h = 6 Hz, 2H, He) 4.08 (q, VH-h = 7 Hz, 2H, Hf), 7.27 (br s, 1H, Hd), 7.32 -

7.44 (m, 6 H, Ar), 7.74 - 7.82 (m, 4H, Ar); ^C-i'H} NMR (CDCI3) 5: 13.8 (Cg),

40.3 (Ce), 50.4 (d, !JC.P = 57 Hz, Ca), 52.3 (Cc), 61.2 (Cf), 128.3 (d, 3JC-r = 12

Hz), 129.3 (d, 'Jc-p = 70 Hz), 131.4 (d, 2JC.P = 10 Hz), 131.6 (d, VC-p = 3 Hz),

169.2 170.6 (C=0); 3IP-{!H} NMR (CDC13) 5: 34.5 (1JP=se = 730 Hz); Acc mass

ES calculated for C,9H23N203PSe 439.0690 [M+H], measured 439.0688 [M+H];

Microanalysis expected for C^^^CEPSe C: 52.05, H: 5.29, N: 6.39, measured

C: 51.86, H: 5.29, N: 6.40.

(2-F(Diphenvl-phosphinothiovlmethvl)-aminol-acetylamino | -acetic acid 2,2-

diphenvl-ethyl ester. 47

The slightly yellow oil {2-[(diphenyl-phosphinothioylmethyl)-amino]-

acetylamino}-acetic acid ethyl ester 44 (1.01 g, 2.59 mmol) and the colourless

Chapter Five: The synthesis ofN diphenylphosphinyl-methyl stoppers for peptide rotaxanes 218



solids 2,2-diphenylethanol (1.03 g, 5.18 mmol) and the catalyst BDBCTO (0.286

g, 0.518 mmol) were refluxed with stirring in toluene (75 cm ) for 36 hrs. The

solvent was removed in vacuo and the desired compound was obtained by

column chromatography (5 % EtOH in DCM) to give the desired compound as a

colourless viscous oil. Yield 0.94 g (65 %); 'H NMR (CDC13) 5: 2.24 (br s, 1H,

Hb), 3.21 (br s, 2H, Hc), 3.48 (d, 3Jh-h = 6 Hz, 2H, Ha), 3.69 (d, 3Jh-h = 6 Hz, 2H,

He), 4.29 (t, 3JH-h = 8 Hz, 2H, Hg), 4.61 (d, Vh-h = 8 Hz, 2H, Hf), 7.08 (t, 3Jh-h =

6 Hz, 1H, Hd), 7.13 - 7.26 (m, 10H, Ar H), 7.34 - 7.46 (m, 6 H, Ar H), 7.74 -

7.82 (m, 4H, Ar H); 13C-{!H} NMR (CDC13) 6: 40.5 (Cg), 49.7 (Ce), 50.9 (d, lJc.

P = 64 Hz, Ca), 52.8 (d, VC-p = 14 Hz, Cc), 67.3 (Cf), 126.8 128.1 128.6 (Ar C),

128.7 (d, 3JC-p = 12 Hz), 130.8 (d, 'Jc-p = 80 Hz), 131.3 (d, 2JC-v = 10 Hz), 131.8

(d, 4JC-p = 3 Hz), 140.6 (Ar C), 169.4 171.0 (C=0); 31P-{*H} NMR (CDC13) 5:

41.8; Acc mass ES calculated for C3jH3iN203PS 543.1871 [M+H], measured

543.1869 [M+H]; Microanalysis expected for C3iH3iN203PS C: 68.61, H: 5.76,

N: 5.17, measured C: 71.94, H: 5.92, N: 4.53.
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Appendix - Crystal Structure data

Details of collections and refinements for; Local ID Number

Ethyl A-diphenylphosphino sulfide glycylglycinate 4. radw4

Ethyl A'-diphenylphosphino selenide glycylglycinate 5. radw6

2,2 diphenylethyl A'-diphenylphosphino

sulfide glycylglycinate 7. radw8

2,2 diphenylethyl A'-diphenylphosphino

selenide glycylglycinate 8. radw7

[2] Rotaxane 9. radw5

[2] Rotaxane 10. radw9

./V-diphenoxyphosphinyl glycylglycinate 11. radw26

l,4-bis(diphenylphosphinosulfide)butane 13. radwll

l,4-bis(diphenylphosphinoselenide)butane 14. radwlO

Ethylenediamine-l,2-bis-(diphenylphosphineoxide) 15. radwl2

Ethylenediamine-l,2-bis-(diphenylphosphineselenide) 17. radwl5

[2] Rotaxane 18. radwl3

3-(Diphenyl-phosphinoseleno)-propylamine 23. radwl9

24. radwl6

25. radwl8

26. radw25

[2] Rotaxane 29. radwl7

(2-Diphenylacetylamino-acetylamino)-acetic

acid ethyl ester 32. radw29
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radw30

radw24

radw23

radw27

Appendix

N- [({[3 -(Diphenyl-phosphinoyl)-propylcarbamoyl] -methyl}

-carbamoyl)-methyl]-2,2-diphenyl-acetamide 34.

Ar-[3-(Diphenyl-phosphinoyl)-propyl]

-2,2-diphenyl-acetamide 40.

jV-[3-(Diphenyl-phosphinothioyl)-propyl]

-2,2-diphenyl-acetamide 41.

7V-[3-(Diphenyl-phosphinoseleno)-propyl]

-2,2-diphenyl-acetamide 42.



Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.36°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

refinement for 4 radw4.

radw4

C18 H21 N2 03 P S

376.40

293(2) K

0.71073 A

Triclinic

P-l

a = 9.6111(13) A a= 70.382(2)°.

b = 12.3491(16) A (3= 87.262(2)°.

c= 17.152(2) A y = 86.932(2)°.

1913.9(4) A3
4

1.306 Mg/m3
0.271 mm-1

792

.18 x .1 x .1 mm3

1.75 to 23.36°.

-10<=h<=10, -13<=k<=13, -18<=1<=19

10790

5422 [R(int) = 0.0271]

97.3 %

Sadabs

1.00000 and 0.770663

Full-matrix least-squares on F2
5422/4/468

0.948

R1 = 0.0533, wR2 = 0.1486

R1 =0.0727, wR2 = 0.1593

0.0000(13)

0.473 and -0.252 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.26°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)j
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

refinement for 5 radw6.

radw6

C18H21N2 03 P Se

423.30

293(2) K

0.71073 A

Triclinic

P-l

a = 9.6382(2) A cc= 70.5210(10)°.

b = 12.3659(2) A P= 87.5240(10)°.

c= 17.2162(2) A y = 86.6460(10)°.

1930.54(6) A3
4

1.456 Mg/m3
2.046 mm"1

864

.14 x .1 x .08 mm3

1.78 to 23.26°.

-10<=h<= 10, -10<=k<= 13, -14<=1<= 19

9690

5459 [R(int) = 0.0188]

98.4 %

Sadabs

1.000000 and 0.841514

Full-matrix least-squares on F2
5459/4/468

0.950

R1 =0.0317, wR2 = 0.0694

R1 =0.0492, wR2 = 0.0749

0.0021(4)

0.320 and -0.243 e.A"3
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Crystal data and structure refinement for 7 radw8.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.29°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

radw8

C30 H29 N2 03 P S

528.58

293(2) K

0.71073 A

Monoclinic

P2(l)/c

a = 18.1518(14) A a= 90°.

b = 16.4530(12) A (3= 94.177(2)°.

c = 9.5054(7) A y = 90°.

2831.3(4) A3
4

1.240 Mg/m3
0.204 mm"1

1112

.14 x .1 x .01 mm3

1.67 to 23.29°.

-14<=h<=20, -18<=k<= 18, -10<=1<= 10

11517

4030 [R(int) = 0.1281]

98.5 %

Sadabs

1.000000 and 0.547475

Full-matrix least-squares on F2
4030/2/343

0.897

R1 = 0.0582, wR2 = 0.0919

R1 =0.1803, wR2 = 0.1228

0.0021(5)

0.172 and -0.193 e.A"3
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Crystal data and

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.25°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

structure refinement for 8 radw7.

radw7

C30 H29 N2 03 P Se

575.48

293(2) K

0.71073 A

Monoclinic

P2(l)/c

a = 18.1067(3) A cx= 90°.

b= 16.63010(10) A p= 94.4100(10)°.

c = 9.53470(10) A y = 90°.

2862.55(6) A3
4

1.335 Mg/m3
1.400 mm-1

1184

.16 x .1 x .01 mm3

1.66 to 23.25°.

-20<=h<=19, -13<=k<=18, -10<=1<=10

17918

4066 [R(int) = 0.1079]

98.8 %

Sadabs

1.000000 and 0.938075

Full-matrix least-squares on F2
4066/2/342

0.999

R1 = 0.0551, wR2 = 0.1002

R1 =0.1366, wR2 = 0.1238

0.279 and -0.306 e.A"3
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Crystal data and
Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.29°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

refinement for 9 radw5.

radw5

C62.50 H61.50 CI N6 09 P S

1139.16

293(2) K

0.71073 A

Triclinic

P-l

a= 11.2904(9) A ct= 99.9390(10)°.

b = 17.0438(14) A (3= 99.1520(10)°.

c = 19.3603(16) A y = 108.4960(10)°.

3387.7(5) A3
2

1.117 Mg/m3
0.165 mm-1

1197

.18 x .1 x .1 mm3

1.89 to 23.29°.

-12<=h<=12, -18<=k<=T8, -18<=1<=21

17068

9642 [R(int) = 0.0523]
98.7 %

Sadabs

1.00000 and 0.812376

Full-matrix least-squares on F2
9642 / 6/770

1.065

R1 =0.1197, wR2 = 0.3069

R1 = 0.2309, wR2 = 0.3708

0.944 and -0.374 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.37°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

structure refinement for 10 radw9.

radw9

C62.80 H60.60 C11.60 N6 08 P Se

1194.02

293(2) K

0.71073 A

Triclinic

P-l

a = 11.2835(11) A a= 100.417(2)°.

b = 17.0534(16) A (3= 99.293(2)°.

c = 19.5006(19) A y = 108.483(2)°.

3402.5(6) A3
2

1.165 Mg/m3
0.690 mm-1

1239

.1 x .1 x .05 mm3

1.48 to 23.37°.

-12<=h<= 12, -19<=k<=18, -20<=1<=21

18465

9730 [R(int) = 0.0970]
98.1 %

Sadabs

1.000000 and 0.813929

Full-matrix least-squares on F2
9730 / 7/740

0.921

R1 = 0.1212, wR2 = 0.3026

R1 = 0.2853, wR2 = 0.3780

0.0063(17)

1.410 and -0.425 e.A"3
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Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.30°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Crystal data and structure refinement for 11 radw26.

radw26

C18H21 N2 06 P

392.34

293(2) K

0.71073 A

Monoclinic

P2(l)/c

a = 9.2302(8) A cc= 90°.

b = 27.898(2) A (3= 113.062(2)°

c = 8.0057(7) A y = 90°.

1896.7(3) A3
4

1.374 Mg/m3
0.182 mm"1

824

.2 x .12 x .11 mm3

2.40 to 23.30°.

-10<=h<= 10, -30<=k<=31, -8<=1<=

9199

2661 [R(int) = 0.0651]
97.2 %

Sadabs

1.00000 and 0.592701

Full-matrix least-squares on F2
2661 121262

1.022

R1 = 0.0655, wR2 = 0.1610

R1 = 0.0905, wR2 = 0.1770

0.007(3)

0.567 and -0.325 e.A"3
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Crystal data and

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.29°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

refinement for 13 radwl 1.

radwl 1

C28 H28 P2 S2

490.56

293(2) K

0.71073 A

Triclinic

P-l

a = 6.5810(13) A cc= 72.027(6)°.

b = 8.7285(13) A (3= 75.367(6)°.

c= 12.601(2) A y = 73.419(7)°.

649.0(2) A3
1

1.255 Mg/m3
0.343 mm"1

258

.1 x .1 x .01 mm3

1.73 to 23.29°.

-7<=h<=7, -9<=k<=9, -14<=1<=11

3158

1801 [R(int) = 0.0622]

95.7%

SADABS

1.000000 and 0.850785

Full-matrix least-squares on F2
1801/0/146

1.089

R1 = 0.0736, wR2 = 0.1776

R1 =0.1150, wR2 = 0.1899

0.006(6)

0.516 and -0.342 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.23°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

structure refinement for 14 radwlO.

radwlO

C28 H28 P2 Se2

584.36

293(2) K

0.71073 A

Monoclinic

P2(l)/n

a = 6.8278(2) A a= 90°.

b = 23.19670(10) A p= 105.3910(10)°

c = 8.7166(2) A y = 90°.

1331.05(5) A3
2

1.458 Mg/m3
2.912 mm"1

588

.15 x .1 x .01 mm3

1.76 to 23.23°.

-7<=h<=7, -24<=k<=25, -9<=1<=9

6533

1881 [R(int) = 0.0345]

98.4 %

SADABS

1.000000 and 0.858481

Full-matrix least-squares on F2
1881/0/145

0.918

R1 =0.0277, wR2 = 0.0582

R1 = 0.0454, wR2 = 0.0622

0.419 and -0.184 e.A"3
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Crystal data and structure

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.29°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)j
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

refinement for 15 radwl2.

radwl2

C26 H26 N2 02 P2

460.43

293(2) K

0.71073 A

Monoclinic

P2(l)/n

a = 9.1510(6) A a= 90°.

b = 26.2506(11) A p= 108.248(3)°.

c= 10.3370(6) A y = 90°.

2358.3(2) A3
4

1.297 Mg/m3
0.210 mm"1

968

.15 x .08 x .08 mm3

1.55 to 23.29°.

-10<=h<=10, -25<=k<=29, -11<=1<=11

10213

3342 [R(int) = 0.1412]
98.3 %

SADABS

1.000000 and 0.897390

Full-matrix least-squares on F2
3342/2/298

0.933

R1 = 0.0619, wR2 = 0.1050

R1 = 0.2050, wR2 = 0.1452

0.0017(5)

0.205 and -0.217 e.A"3
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Crystal data and

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.24°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

cc= 90°.

P= 102.4140(10)°

y = 90°.

structure refinement for 17 radwl5.

radwl5

C26 H26 N2 P2 Se2

586.35

293(2) K

0.71073 A

Monoclinic

C2/c

a = 23.2609(7) A
b = 12.0604(3) A
c = 9.2748(2) A
2541.08(11) A3
4

1.533 Mg/m3
3.053 mm"1

1176

.13 x .1 x .1 mm3

1.91 to 23.24°.

-25<=h<=19, -13<=k<= 10, -10<=1<=10

5317

1796 [R(int) = 0.0127]

98.4 %

Sadabs

1.00000 and 0.839145

Full-matrix least-squares on F2
1796/ 1 / 150

1.018

R1 = 0.0213, wR2 = 0.0530

R1 = 0.0253, wR2 = 0.0547

0.0053(3)

0.312 and -0.198 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 70.08°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

refinement for 18 radwlS.

radwlS

C60 H56 C16 N6 06 P2

1231.75

293(2) K

1.54178 A

Triclinic

P-l

a =10.159(2) A <x= 75.17(4)°.

b= 12.609(5) A P= 65.18(5)°.
c= 13.2847(17) A y = 79.37(5)°.

1487.4(7) A3
1

1.375 Mg/m3
3.596 mm'1

638

.1 x .05 x .05 mm3

3.64 to 70.08°.

-7<=h<=10, -15<=k<=8, -12<=1<=16

10818

4024 [R(int) = 0.1947]

71.1 %

Multiscan

1.00000 and 0.1148

Full-matrix least-squares on F2
4024/0/361

2.120

R1 = 0.2215, wR2 = 0.5331

R1 =0.2444, wR2 = 0.5512

0.897 and -0.874 e.A'3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 72.90°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

refinement for 23 radwl9.

radwl9

C15 HI 8 N P Se

322.23

293(2) K

1.54178 A

Monoclinic

P2(l)/c

a= 11.214(7) A a= 90°.

b = 14.497(9) A p= 104.273(14)°.

c = 9.643(6) A y = 90°.

1519.3(16) A3
4

1.409 Mg/m3
4.190 mm"1

656

.1 x .1 x .1 mm3

4.07 to 72.90°.

-13 <=h<= 13, -15<=k<= 17, -11<=1<=6

12058

2860 [R(int) = 0.1157]

94.7 %

Multiscan

1.00000 and 0.1052

Full-matrix least-squares on F2
2860/2/ 172

1.040

R1 =0.0562, wR2 = 0.1347

R1 =0.0756, wR2 = 0.1450

0.0031(5)

0.773 and -0.353 e.A"3
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Crystal data and

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.28°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

structure refinement for 24 radwl6.

radwl6

C27 H27 N 02 P2

459.44

293(2) K

0.71073 A

Monoclinic

P2(l)/c

a =8.32(5) A a= 90°.

b = 25.12(15) A (3= 100.53(8)°.

c= 11.60(7) A y = 90°.

2386(26) A3
4

1.279 Mg/m3
0.207 mm"1

968

.15 x .03 x .03 mm3

1.96 to 23.28°.

-8<=h<=9, -23<=k<=27, -12<=1<=12

10198

3395 [R(int) = 0.0567]

98.5 %

SADABS

1.000000 and 0.764783

Full-matrix least-squares on F2
3395 / 1 / 294

0.962

R1 = 0.0426, wR2 = 0.0888

R1 =0.0906, wR2 = 0.1040

0.0029(6)

0.175 and -0.204 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 73.02°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

a= 104.535(12)°.

(3= 100.125(17)°.

y= 105.66(4)°.

structure refinement for 25 radwl8.

radwl8

C27 H27 N O P2 S

475.50

293(2) K

1.54178 A

Triclinic

P-l

a = 8.786(6) A
b = 11.977(7) A
c = 12.985(6) A

1229.3(12) A3
2

1.285 Mg/m3
2.546 mm-1

500

.13 x .1 x .1 mm3

3.64 to 73.02°.

-9<=h<=10, -6<=k<=14, -16<=1<= 15

9972

4251 [R(int) = 0.0804]

86.8 %

Multiscan

1.00000 and 0.2447

Full-matrix least-squares on F2
4251 / 1 / 294

1.080

R1 =0.0654, wR2 = 0.1669

R1 = 0.0855, wR2 = 0.1780

0.0017(7)

0.498 and -0.348 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.40°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

oc= 88.440(2)°.

p= 73.9740(10)°.

y = 75.819(2)°.

structure refinement for 26 radw25.

radw25

C27 H27 N O P2 Se

522.40

293(2)K

0.71073 A

Triclinic

P-l

a = 9.2983(4) A
b = 11.8996(5) A
c= 12.0081(5) A
1236.93(9) A3
2

1.403 Mg/m3
1.667 mm-1

536

. 13 x . 1 x . 1 mm3

1.77 to 23.40°.

-10<=h<=10, -10<=k<= 13, -13<=1<=12

6180

3496 [R(int) = 0.0278]

96.3 %

SADABS

1.000000 and 0.844817

Full-matrix least-squares on F2
3496/ 1 /293

0.966

R1 = 0.0436, wR2 = 0.0902

R1 = 0.0757, wR2 = 0.1009

0.359 and -0.414 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.29°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)j
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

structure refinement for 29 radwl7.

radwl7

C59 H59 N5 08 P2

1028.05

293(2) K

0.71073 A

Monoclinic

P2(l)/n

a = 13.3677(17) A ct= 90°.

b= 11.6746(15) A (3=100.17°.

c= 17.642(2) A y = 90°.

2709.9(6) A3
2

1.260 Mg/m3
0.140 mm"1

1084

.12 x .08 x .03 mm3

1.77 to 23.29°.

-14<—h<= 14, -12<=k<= 12, -15<=1<=19

13281

3848 [R(int) = 0.1921]

98.5 %

Sadabs

1.000000 and 0.579408

Full-matrix least-squares on F2
3848 /5 /361

0.948

R1 = 0.0722, wR2 = 0.1427

R1 = 0.1957, wR2 = 0.1994

0.0004(8)

0.260 and -0.190 e.A~3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.25°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

refinement for 32 radw29.

radw29

C20 H22 N2 04

354.40

293(2) K

0.71073 A

Monoclinic

Cc

a = 30.690(5) A cc= 90°.

b = 8.6296(14) A p= 116.8570(10)°.
c= 16.359(3) A y = 90°.

3865.3(11) A3
8

1.218 Mg/m3
0.085 mm"1

1504

.1 x .08 x .08 mm3

1.49 to 23.25°.

-34<=h<=34, -9<=k<=9, -17<=1<=18

9324

5236 [R(int) = 0.0783]

99.5 %

Sadabs

1.00000 and 0.657519

Full-matrix least-squares on F2
5236/6/486

0.950

R1 = 0.0687, wR2 = 0.1555

R1 =0.1193, wR2 = 0.1868

-1(2)

0.0016(5)

0.229 and -0.251 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 26.47°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

structure refinement for 34 radwSO.

radwSO

C33.50 H34.50 C11.50 N3 04 P

627.29

293(2) K

0.71073 A

Triclinic

P-l

a = 9.501(3) A ct= 61.60(9)°.

b= 14.435(2) A (3= 70.89(9)°.

c= 14.766(2) A y = 73.45(9)°.

1662.6(6) A3
2

1.253 Mg/m3
0.243 mm-1

658

.1 x .1 x .1 mm3

1.74 to 26.46°.

-1 l<=h<=4, -18<=k<=16, -18<=1<= 12

14387

6018 [R(int) = 0.2022]

87.7 %

Multiscan

1.00000 and 0.2017

Full-matrix least-squares on F2
6018/0/407

0.960

R1 =0.1477, wR2 = 0.3373

R1 = 0.2921, wR2 = 0.4242

0.007(5)

0.489 and -0.344 e.A"3
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Crystal data

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 80.39°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

and structure refinement for 40 radw24.

radw24

C29.50 H29 CI N 02 P

495.96

293(2) K

1.54178 A

Monoclinic

C2/c

a = 10.963(4) A a= 90°.

b = 34.414(14) A (3= 91.156(13)°.

c = 28.452(10) A y = 90°.

10732(7) A3
16

1.228 Mg/m3
2.023 mm"1

4176

.1 x .1 x .01 mm3

3.00 to 80.39°.

-1 l<=h<=13, -42<=k<=24, -34<=1<=32

43111

10037 [R(int) = 0.2157]

85.4%

Multiscan

1.00000 and 0.2126

Full-matrix least-squares on F2
10037/0/624

1.399

R1 =0.2189, wR2 = 0.4886

R1 = 0.3048, wR2 = 0.5237

0.00059(17)

0.633 and -0.507 e.A"3
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Crystal data and

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 73.06°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

structure refinement for 41 radw23.

radw23

C29 H28 N O P S

469.55

293(2) K

1.54178 A

Monoclinic

P2(l)/c

a = 8.899(5) A cc= 90°.

b = 33.312(13) A p= 117.413(17)°

c = 9.631(6) A y = 90°.

2535(2) A3
4

1.231 Mg/m3
1.886 mm*1

992

0.1100 x 0.0400 x 0.0200 mm3

5.31 to 73.06°.

-1 l<=h<=5, -41<=k<=37, -5<=1<=11

20358

4717 [R(int) = 0.1010]

93.4%

Multiscan

1.00000 and 0.2282

Full-matrix least-squares on F2
4717/ 1 /303

1.055

R1 =0.0601, wR2 = 0.1305

R1 = 0.0938, wR2 = 0.1439

0.0027(4)

0.398 and -0.341 e.A*3
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Crystal data and structure

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.27°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

refinement for 42 radw27.

radw27

C29 H28 N O P Se

516.45

293(2) K

0.71073 A

Monoclinic

P2(l)/c

a = 8.9110(4) A a= 90°.

b = 33.5125(16) A (3= 117.2660(10)°.

c = 9.6207(5) A y = 90°.

2553.8(2) A3
4

1.343 Mg/m3
1.554 mm"1

1064

.18 x .1 x .1 mm3

2.43 to 23.27°.

-9<=h<=7, -37<=k<=37, -10<=1<=10

10933

3620 [R(int) = 0.0487]

98.5 %

Sadabs

1.00000 and 0.874161

Full-matrix least-squares on F2
3620/ 1 /303

0.934

R1 = 0.0385, wR2 = 0.0709

R1 = 0.0812, wR2 = 0.0820

0.0023(3)

0.194 and -0.272 e.A"3
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